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BEGIOM  OP  CONSTANT  VORTICITI  IN  A PLANE  POTENTIAL  PLOW. 


V.  S. 


Sadov 


In  the  work  obtained  exact  solution  for  flat/plane  steady  flow 
of  the  inconpressi ble  fluid  with  constant  ecdy/vortex,  which  borders 
on  the  dividing  flow  lice  cc  the  potential  flow.  Is  determined  the 
for*  of  the  duct/contour,  which  liiits  the  range  of  constant  eddying, 
and  also  the  flow  line  internal  vortex  flow.  Are  given  the  results  of 
the  calculations  of  the  distribution  of  velocities  along  the  axes  x 
and  y.  Relation  to  the  velocity  on  duct/contour  in  the  point  of  its 
greatMt  thickening  to  velocity  at  infinity  render/showed  equal  to 


Jn  hy drody nan ics  are  known  the  scluticrs,  which  describe  steady 
flow  of  the  ipcoapressible  fluid  with  different  froa  zero  eddy/vortex 
in  the  closed  donain  on  bourdary  of  which  it  cates  into  contact  with 
external  potential  flow.  In  the  three-dinenricnal/space  case  - this 
is  Hill's  known  spherical  eddy/vortex.  In  tie  flat/plane  case,  if  the 
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liquid  duct/contour,  which  separate/liter at ts  external  irrotational 
flew  from  internal  vortex  flow,  is  circumference,  then  the  conditions 
of  the  consistency  cf  beth  flows  it  is  possible  to  satisfy,  assigning 
eddy/vortex  Q in  the  form  U — /<•]>,  wbere  A - constant,  •/,  - function 

cf  current  [1].  Is  of  interest  to  find  such  duct/contour  which  would 
satisfy  all  conditions  cf  ccnsistency  on  liquid  boundary  for  the  case 
of  internal  flow  with  the  ccnstant  value  of  eddy/vortex. 

\ 

Specifically,  this  case  is  important  in  concection  with  the  intensely 
developed/processed  at  present  problem  of  the  ccnstruction  of  the 
naximum  flows  of  viscous  fluid  with  the  stationary  separation  zones 
when  number  Re-*-  (for  example,  see  [2]). 

let  us  examine  certain  steady  flow  of  the  incompressible  fluid 
with  a speed  of  «»  in  the  undisturbed  incident  flow.  Let  the  flow 
be  such,  what  out  of  duct/contour  A LEM  (Fig.  1)  it  is  potential, 
inside  - vortex/eddy. 

Page  2. 

Ce  the  liquid  boundary,  which  divides  both  flows,  are  fulfilled  the 
conditions  of  their  consistency,  i.e.,  in  each  point  of  the 
duct/contour  of  velocity,  are  directed  tangentially  toward  it,  and 
their  value  from  outer  and  inside  cf  duct/ccntccr  are  equal  to: 


The  value  of  eddy/vortex  G let  us  assign  according  to  the 


v_ 
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2 — -U#slgnj/t  (I) 

where  G0  - certain  positive  constant. 

Introducing  the  furcticn  of  current  <|>  by  the 
re  laticnsh ip/ratios 

= = ~ v’  (2) 

where  u,  v - conponent  cf  vector  of  speed  along  the  ares  x and  y,  we 
ccue  as  is  known  (see  [1]),  to  the  equation 


A*  = - U, 


(3) 


where  A - operator  of  Laplace. 


Task  consists  of  the  detercinaticn  of  such  duct/contour  with 
given  ones  «*  and  fl0,  cn  which  "would  he  ccnented"  by  continuous 
forn  as  function  pf  current  satisfying  the  equation  of  Laplace 
cut  of  duct/contour  and  the  equation  of  Poisson  - inside,  so  also  its 
first-order  derivatives  (i.e.  velocity). 

Buct/contour  subsequently  searches  for  in  the  class  of  the 

closed  curves,  which  possess  dual  synnetry  (relative  to  the  direction 

l 

of  velocity  end  of  the  direction,  perpendicular  to  it,  which  are 
I 

I 

I 
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accepted  for  x and  y axes  respectively).  Pci  cccvenience 
subsequently,  tie  consider  that  are  assign/piescribed  the  values  of 
eddy/vortex  Q0  and  the  linear  dinensicn  of  field  2a0  along  the  axis 
x,  and  velocity  Uoo  is  subject  to  deterainaticn. 

transition  to  dimensionless  variables  is  realize/accomplished 
with  the  aid  of  the  relationship/ratios 

{•*.  y\  — [x.  y\ u„;  {«,  v)  = («,  v)litaa\  ■(.  - .j.U0  at  (4) 

Jn  these  variables  the  eddy/vortex  in  the  internal  point  of 
region  is  equal  tq 

u(jf,  y)  = — slgn_y,  (5) 


and  equation  (3)  is  reccrd/written  in  the  fern 

if  — sign  .y  (6) 

(line  here  and  subsequently  everywhere  they  are  onitted) . 

In  the  coordinate  systen,  driving/novirg  with  speed  u*,  the 
velocity  at  infinity  is  equal  to  zero,  and  the  velocity  in  any  end 
point  of  flow  plane  is  created  by  the  eddy/voctices  which  are 
distributed  within  duct/contour  according  tc  ccndition  (5) . The  task 
cf  the  deteraination  of  the  velocity  in  liquid  fron  the 
assigned/prescribed  vorticity  distribution  in  it  is  certain  region 
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E when  liquid  rests  ujon  infinity,  there  *ere  solved  even  in  the 
■iddle  of  XIX  century  (Stokes,  Heliholtz) . Its  solution  is  given  by 
the  logarithmic  potential  ct  area  in  the  fern 

■Pi  (X,  y)  - j j sign  r(  In  rdU%  (7) 

where  (E.  - the  sliding  point,  on  which  is  conducted  the 

integration,  and  r^Yix—i)2  | (y - distance  between  this  point 
and  a fixed  point  (x,  y). 
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Fig.  1. 

\ 

Page  3. 

The  fmictico  of  current  'M*,  y)  satisfies  the  eguation  of  Laplace  out 
cf  region  L,  and  within  - to  the  eguation  cf  Fcisson  (6).  If 
duct/dontour  consists  of  piecewise  saooth  curves,  solution  (7)  is 
continuous  together  with  its  derivatives  at  any  point  of  plane  [4]. 

Passage  to  fixed  coordinate  system  consists  of  addition  to  ti(*.  v)  the 
function  of  the  current  of  uniform  floe 

Thus,  the  function  of  current  'f*  — •}»,,  4-  •!*,  satisfies  the  eguation 
cf  Laplace  out  of  regioc  £ and  eguaticq  (€)  at  point  within  it,  and 
is  alec  continuous  with  its  derivative  on  duct/contour  itself,  it  is 
easy  to  see  that  y{x , ())==(),  x-a*is  is  flow  line.  Let  us  require  so 
that  the  unknown  duct/ccntour  would  be  also  flow  line  M*.  _v)  = 0.  This 
means  that  the  duct/contour  satisfies  the  integral  equation 

J')  — 0,  (8) 
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■ bare  p, ( x , v)  is  given  by  expression  (7),  and 

1 (•  r t)  sign 

; 0-'~  2*  i <1  i nv  ' 


«« 


rf+L 

rfv 


(9) 


Thus,  the  boundary  of  the  region,  which  satisfies  all  enumerated 
abcwe  requirements,  it  is  the  solution  of  integral  equation  (8),  in 
which  the  integrals  are  taken  from  known  functions,  but  on  unknown 
unknown  region  1.  Howewer,  dual  integrals  are  reduced  to  usual, 
since  cne  repeated  integral  can  be  fulfilled  it  quadratures,  after 
which  equation  (8)  is  led  in  Cartesian  systew  icf  coordinates  to  the 
fern 


y = [2  J (*  + (arc,R  x ~ arc,g  T+r ) dl 

I 

1-2  J (*-*>  (arctg  | +.L  _ arctg  ) d\  + 

n ^ ' 

1 

h f (vio  +» (In  1(5  -xy  | (7)„  | _v)’|  f-ln  1(5  | xf  | (t,„  + .yfl)  d\  - 

t) 

I 

J*  fTio  — y)  (In  | E xy  | (y|0  ,v)’H- In  1(5 -f  *)*  | (n,  — i 


/,  .00) 
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/o 4j/  — 2y  ((1  -f  je)ln  |(1  -f  xf  + v’|  -f  (1  — jc)ln  |(  1 x)-  | j/1)}  - 

■)- 


2y?  ^arctg  ~ - -|  arclg  1 X 


-2(1  f x)*  arclg  -jy- 2 (I  — x)2arc 


:«g 


I .r 


"”'4rj  (ln  ['  + (T-’r),]+ln[l  +(i+r)']|l<s  <"> 


Here  [x,  y=f(.x)  ] - the  fixed/recorded  pciat  of  duct/contour,  and 
|E,  T,„  -f«)  ] - the  sliding  point  cf  duct/ccntc or,  on  which  is 
cofdodted  the  integraticn. 

Page  *». 

Extracted  integral  equation  - nonlinear.  Integrands  have  a 
special  feature/peculiarity  at  point  E=x(all'the  special 
featuxe/peculiarities  in  the  integrals,  included  into  the  large  curly 
braces,  renoved).  It  is  inpcssible  to  find  the  solution  or  to 
demonstrate  its  existence  and  by  singularly  analytical  nethods. 
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Therefore  equation  Mas  solved  numerically  cr  EVE  [computer] 

EESH-3H.  Por  solution  uas  utilized  the  methcd  of  successive 
approximations,  which  lies  in  the  fact  that  is  assigned  the  initial 
duct/contour  y=f„(x)  (in  this  case  in  the  fcrm  cf  the  table  of  values 
y at  ncdal  points)  : 

• t Xn—lt  j 

y»,  j'i.  y* yn-u  yn  ' 

For  each  point  \x„  y,  =/uU,)|  arc  calculated  all  integrals, 
entering  right  side  (10)  whan  r(=/0({)>  and  on  ralationship/r atio  (10) 
is  obtained  the  following  approach/approxiaaticn  y=f , (x)  , determined 
at  the  same  nodal  points.  Values  y and  at  intermediate  (not 
coinciding  with  node/units)  points  are  determined  by  the  method  of 
quadratic  interpolation  (i.e.  on  the  parabola,  carried  out  through 
the  nearest  three  node/units),  and  in  the  vicinity  of  point  X = 1, 
where  is  necessary  the  increased  accuracy /precision  in  connection 
with  the  low  values  of  j and  large  slope/inclinations  curved,  is 
utilised  interpolation  with  the  assigned/prescribed 
accuracy/precision  (i.e.  curve  is  given  through  more  than  three 
node/mnit)  . 

Initially  after  y=f0(x)  was  undertaken  circle  with  radius  of 
with  a of  H=1-  The  convergecce  cf  appr cach/appr cxiaations 
render/shoved  very  rapid  with  0.8>x^0  and  sebst antially  slower  with 
x>C.9.  (As  it  render/showed  subsequently,  circumference  very  strongly 


I 
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j 

w. 

I 


) 

} 


differs  from  the  obtained  calculated  duct/ccntcur  precisely  in  the 
vicinity  of  p®int  <=1)  . Iterations  ceased,  then  the  subsequent 
apprcach/approximation  differed  fren  that  preceding/previous  in  the 
vicinity  of  point  x=1  ir  sixth  significant  digit.  A quantity  of 
node/units  in  interval  [0,  1]  was  undertaker  egual  to  n=38,  uoreover 
their  frequency  in  vicinity  x- 1 was  sufficient  fcigh  (see  the  given 
below  table) . After  this  as  the  initial  duct/contour  ^=fQ(x)  were 
accepted  different  curves  and  straight  lines  (were over  yt  | and 
y(  > 1). However , iterations  ccnstant/invaria b ly  ccnverge  to  one  and  the 
sane  durved.  This  gives  sene  bases  to  assunc  that  the  obtained 
solution  of  equation  (10)  is  singular  (in  tie  class  of  duct/contonrs 
with  dual  synnetry) , although,  of  course,  this  cannot  serve  as 
ccapletely  strict  proof,  and  a question  concerning  the  uniqueness  of 
scluticn  requires  acre  detailed  exa ainatic r . 


k 
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Fig.  2. 

Page  5. 


It  is  indisputable,  it  does  reaain  the  open  and  this  question: 
is  possible  whether  the  scluticn  of  stated  prcblea  in  the  class  of 
the  dact/ccntours,  which  do  not  possess  syaietry  relative  to  y axis? 
Ihe  proposed  in  work  aethcd  is  Bade  it  possible  beyond  initial 
boundary  of  the  region  to  take  any  asyaaetiic  relative  to  y axis 
duct/ccntour  and  to  obtain  following  approach/approxiaations.  The 
work  in  this  direction,  connected  with  the  high  expenditures  of 
aachine  tine,  is  conducted. 

As  a result  of  calculations,  were  obtained  the  following 
coordinates  of  the  duct/ccntour  (last  figure  was  rounded-off). 

filM  Urx  render/showed  equal  to  0.14  1 ‘8.  let  us  note  that  if  we 
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velocity  consider  equal  to  1,  then  the  value  of  eddy/vortex  Q0 

proves  to  be  equal  to  Qc=  1/0- 14158  = 7.063. 

Havinq  available  the  duct/contour,  which  separate/liberates  the 
potential  flew  frou  the  vortex/eddy,  it  is  possible  without  the 
special  work  to  calculate  the  paraneters  of  internal  and  external 
flows.  Pig.  2,  depicts  the  pattern  of  lines  of  current  <|>  = const  of 
intcraal  ( vorte x/eddy)  flow  and  dividing  duct/ccntour  + ■==  0.  The 
detereination  of  velocities  alcng  the  axes  x and  y is  reduced  to  the 
siaple  calculation  of  the  ictcgrals: 

«(*-<>)=.  |«,o+  _ 

1 r 

= «»  2*  j ,ln  1 (t>"  - J')2!  ln  + ("In  + V)*l)  rfH- 

+ ^ In  ( 1 I y2)  — 2 f 2y  arctg  ; (12) 

1 i 

" (>  = 0)  - Hoe  - 2-J  |ln|(E-x)»4.^|  -1-  In  |(S  + xf  + vg|)  d\  + 

Z 0 

+ -g-  |(l -*)ln(l -x)*  -f  (1  -f-Jt)ln(l  jc)2  — 4|  . 

Calculation  data  according  to  the  distiibution  of  velocities  are 
represented  in  Fig.  3 ard  4. 


vicinity  of  critical  point.  Let  point  0 be  tie  tranch  point  of  flow 
line  ^rr:()  (Pig.  5)  . Planes  flow  in  I and  IJ  regions  are  stationary 
•ad  are  with  respect  by  potential  and  vortei/eddy,  and  the  angle 
between  the  tangent  to  the  dividing  flew  lire  CL  at  point  0 and  the 
X-axis  ao#0.  It  is  obvicus  that  in  this  case  point  0 is  critical, 
i.«.»  velocity  » in  it  is  equal  to  zero.  Furthermore,  the  velocities 
in  each  of  the  regions  possess  evenly  continuous  derivatives.  In  that 
case  it  is  easy  to  estallisb/install  the  direct  coupling  between 
derivatives  at  point  O and  the  angle  a^.  In  fact,  it  is  obvious  that 
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for  IX  region 


dv 

dx 


In  u 


= 0, 


cc  qsequently. 


du 

dv 


~ "^n  /0. 

0 II 


(1$) 


At  point  A on  flow  line  tga  =. 
point  along  flow  line  and  opening 
according  to  l*Hopital*s  rule,  we 


-j-  . Fix  ing  point  A to  critical 

u ii 

indeterni rancy/uncer taint y 
obtain: 


dv  d x dv  dy 

dx  dl  dy  dl 

du  dx  . du  dy 
dx  dl  ' dy  dl 


(14) 
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Page  8. 


ill  derivatives  aust  be  taken  at  point  o froa  the  side  of  II 
regions.  Taking  into  account  (13)  and  the  equation  of  continuity 


fcraula  (14)  ve  convert  to  the  fora 


du 

dx  ,g  a,) 


tcx  d — - - . , 

R " du  da  t 

dx  dy  ^ *° 


cr , it  is  final*  to  the  fori 


- 0 L'0lga„. 


Repeating  analogous  1 ining/calculatioas  for  the  irrotational 


flcv  in  I of  region  and  noting  that 


- =0 

V oi 


anlike  (13)  , is  easy 
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tc  arrive  at  the  conclusion  that  with  o^»/2  relationship/ratio  (14) 
cat)  been  satisfied  only  under  the  condition 


du 

dx 


= 0, 


(16) 


i.e.  in  the  case  sufficient  "sacoth"  irrotational  flow  everything 
first  derivatives  f rca  ccapcsing  the  velocities  in  critical  point 
with  «0 fw/2  are  equal  tc  zeic. 

Since  OL  is  the  flow  line,  which  separate/liberates  irrotational 
flew  ficn  vortex/eddy  with  cne  and  the  saae  constant  Bernoulli 
(ao$0l,  then  at  any  point  of  this  line 


dU/ 

dl 


dW 

dl 


dW 

dl 


i'U 


dW 

dl 


(17) 


Ion 


finally,  it  is  easy  to  show  that  for  I and  II  regions  at  point  0 
they  occur  of  the  eguality 


du 

dW 

dx 

o,  ^ 

i 

lot 

du  1 

dW 

— dx 

L,“  61 

» 

0 II 

(18) 


where  ^ - an  eleaent  of  length  of  flow  line  Oil.  [Foraulas  (18)  are 
the  equations  of  continuity,  written  in  oblique  axes  xy»,  where  y»  - 
tangent  to  flow  line  OL  at  point  0]. 


Vhe  ccaparison  of  foraulas  (17)  and  (1£)  gives  the 
relationship/ratio 

(19) 


du 

du 

dx 

dx  U 

r 


T" 


masa* 


*'■ 

_ 
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however  kinenatic  relationship/ratios  (15)  and  (16),  as  can  easily  be 
seer  that  they  contradict  dynaaic  compatibility  condition  (19).  This 
means  that  with  ao^0  flat/plane  stationary  vortical  irrotational  flow 
with  evenly  continuous  derivatives  cannot  be  consistent  on  the 
dividing  thee  flow  line  in  the  vicinity  of  the  critical  point  [in  the 
case  0 a=*/2  the  relationsbi p/ratio,  analogcis  (14),  for  vortex  flow 
it  is  fulfilled  only  when  U --  which  contradicts  the  uniforn 

Ox  „ ii 

continuity  of  derivatives],  i. c. , the  potential  and  vortex  flows, 
which  border  on  liquid  flow  line,  cannot  be  sufficiently  snooth  in 
the  vicinity  of  critical  point  with  o0^G. 

This  fact  is  located  ir  accordance  witb  the  results,  described 
above,.  It  is  real/actual,  fcraula  (12)  for  deteraining  the  velocity 
it  is  easy  with  the  aid  of  Green's  foraula  to  ccnvert  to  the 
logarithaic  potential  ol  the  siaple  layer,  for  which  at  the  critical 
pcint  C are  disrupted  the  conditions  for  existence  of 
e venly-continuous  derivatives  (for  exaeple,  the  density  of 
lcgarithaic  potential  dees  not  satisfy  Gelder's  condition  (see  [3] 
and  [ 4 ])  . 


It  is  necessary  to  note  that  during  the  solution  of  integral 
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equation  (10)  the  special  attention  was  allotted  to  the  vicinity  of 
critical  point,  was  required  a considerable  increase  of  the 
accuracy/precision  of  ccunt  and  quantity  of  ncdal  points  in  this 
reqico.  The  invest igaticn  of  the  analytical  properties  of  the 
function  of  current  P in  the  vicinity  of  critical  point  shows  that 
a0~w/2.  The  proof  of  this  affirnaticn  will  le  given  in  following 
article. 

\ 

The  author  is  grateful  to  G.  I.  Tagancv  fer  the  proposed  theae 
and  consultations. 
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CNICUENESS  OF  THE  SOLUTION  CF  THE  PROBLEM  CE  SC MC  FLOW  ABOUT  A 
FBCFIEE. 

lu.  B.  Lifschitz. 

I £ proven  the  uniqueness  of  solution,  (laced  by  F.  I.  Frankl, 
the  task  of  the  flow  of  gas  about  airfcil/p iof i le  with  number 

M = I. 

CO 

Examining  the  task  of  the  flow  cf  gas  abcut  the  airfoil/profile, 
close  to  datum,  with  nuxber  H=1  at  infinity,  F.  I.  Frankl  clashed 
with  the  possible  nenuniqueress  of  obtained  solutions  [1].  Analogous 
situation  appeared  in  the  nczzle  theory  of  Iaval  [2],  where  it  was 
connected  with  the  nonun iqueness  of  the  flew  cf  the  gas,  taking  place 
through  the  assigned/prescr ibed  nozzle.  I*  work  [3]  this  question  was 
solved.  In  the  task  of  the  flow  around  air f cil/prof ile  of  sonic  flow 
the  npnuniqueness  appears  as  a result  cf  existence  at  infinity  of  the 
same  special  feature/peculiarity  and  in  initial  flow.  It  is  lower  on 


the  basis  of  the  results,  obtained  in  works  [4],  is  proven  under  some 
assumptions  the  uniqueness  of  the  sclutian  cf  the  problem,  stated  by 
F.  I.  Frankl. 
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1.  Let  us  assuie  that  there  are  two  clcse  solutions  of  equations 
of  gas  dynaaics,  which  describe  flew  of  gas  of  approxiaately  one  and 
the  saie  airfoil/profile  with  noaber  M=1  in  infinity.  Let  the  first 
flew  have  function  of  current  9(x,  y)  and  of  potential  *(x,y).  The 
second  flow  with  the  fuccticn  of  cermet  Y and  in  potential  *'  let 
us  represent  in  the  following  forn: 

Y(x,  >)“■!-  (x.  y)  + •«•(*,  y).  I (1> 

t'l*.  y)—9(x>  y)  i ,m(x-  y)  \ 

The  changes  of  functicring  of  current  and  potential, 
prcportional  to  low  value  £,  satisfy  in  the  variables  of  hodograph 
v*  snail-disturbance  equations  for  the  plane  adiabatic  flows  of  gas 
[5].  After  exception/eliaination  of  then  derivatives  u*  by  crossed 
differentiation  we  will  obtain  for  m the  eqwaticn  of  Chaplygin 

I (J) 


Page  11. 

tr* 

Are  here  accepted  the  designations:  K — p5 ( I - M*),  o-  J t~'w  'dw, 
w - velocity  aodulus,  % - atgle  of  the  slope  of  velocity  vector  to 
the  ppsitive  direction  cf  X-axis,  a*  - the  critical  speed  of  sound,  p 
- density. 

fleundary  condition  is  assigned  on  the  todograph  of  old  flow  and 
takes  the  forn 


K»»  di  — mi,  rfO  --  0. 


(3) 


DQC  = 78103901  EIGI  m 


Fcraula  (3)  leans  that  the  streailined  airfoil/profile  does  not 
change  its  foci.  Fig.  1,  depicts  tie  hcdogiaph  cf  flow  about 
airf cil/prcf ile.  The  ocigin  of  coordinates  corresponds  to  the 
infinite  pcint,  to  regicn  is  reflect/represented  the  vicinity  of 

deceleration  point,  Tt  and  - laiiiui  characteristics. 

In  the  vicinity  of  the  origin  of  the  ccordinates  of  hodograph 
plane  a*,  the  potential  i*  icst  have  the  saac  special 
feature/peculiarity,  as  the  converted  potential  of  Legendre  of  the 
initial  flou 

+•«)'»» -f  (t- = (l> 

task  is  the  proof  cf  urigueness  theorei  fer  function  u(9,  •) , 
that  satisfies  equation  (2),  boundary  ccgditicr  (3)  on  duct/contour  L 
and  allou/assuiing  at  pcint  P the  special  I eature/peculiarity  of  fori 

m. 

2.  Proof  of  uniqueress  is  conducted  by  atc-iethod  of  Friedrichs 
and  is  based  on  results,  obtained  in  works  [4]  in  connection  with 
question  concerning  flci  pattern  in  local  scperscnic  zone,  which 
appears  during  flow  around  airfoil/profile  cf  flow  with  high  subsonic 
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speed  at  infinity. 

m * unknown  solution.  let  us  exaaine  tie  integral 

( (fl<o» -f  C’,u«)(AVi*  i <«„)</•>(/ j,  (,r>) 

where  - subregion  2],  acd  B and  C - functicr  froa  8 and  *.  Region 
-o  has  a boundary  which  consists  cf  the  liiiting  characteristics 
line  L and  arc  Rt  by  a radius  6,  that  eliminates  point  o.  let 
us  use  to  integral  (5)  Green's  formula,  as  i result  we  will  obtain 
the  sun  of  two  integrals  on  region  j;a  and  cn  its  boundary  s< 

A = 4- //  K I -KBt  + (KC).|  - 2<«it  «>,  ( B . 4 KC»)  | «.*  (fl*  C.)|  rfflrf  j -f 
* 

|-  cj;  4 (Kml  (u0  db  — <« l do)  -j 

4 4 (/0«j|  d\)  + 2K*» i o»*  da  — <nj  rfO)  = /,  - f /,  « 0 (<i> 
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fig.  1. 

Face  12. 

Jf  we  select  B and  C ir  such  a way  that  the  quadratic  fora, 
which  stands  under  the  sign  of  dual  integral,  it  would  be  positively 
determined,  and  the  value  of  line  integral  12  it  was  negative,  then 
theorew  will  be  demonstrated,  since  equality  7,  — u is  fulfilled  only 
if  ueccnst.  In  the  first  cf  works  [4]  they  ter«  found  those  functions 
E and  C,  for  which  lt>0  for  any  subregion  of  region  E»,  and  line 
iategsal  I2  is  also  positive,  if  it  is  taker  on  any  part  of  boundary 
Si,  which  lies  by  pillar  along  one  side  of  circeaference  If  in 
the  vicinity  of  point  0 derivatives  % — 0(6-'),  then  the  linit  of 
integral  I2,  undertakes  cn  R,  vanishes  during  decrease  6,  and 
oqigueness  theorew  is  dewenrtrated. 

■e  will  use  functions  B and  C from  work  [4]  indicated.  They  are 
deterained  as  follows: 
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eke  m 


■ ith  <0 


tf(«,  0),  C «(),  &>(),  | 

i$h  0<ti  <0,,  fl(i>)<0  »»,  <tt<0,  ] 

Key:  /(I).  with. 


(7) 


with  «£0 


K1'*  C — iB  — exp /(>•),  * — # + it*.  i 
> 

,.=  f K> /w=j<|^r dt 

J A 


(8) 


Boundary  A consists  cf  the  cuts  cf  duct/contour  L, 
arrange/located  with  «>C,  ard  axis  intercept  * with  Punction 

£a  <t)  is  the  apparent/iaaginary  part  analytic  function  f (X)  and  is 
assigned  on  A by  the  fcrnulas 


/,  = -|  njilrt  »l<#<0,  p-0; 

/,-  ji|nO<KV(>  = 0; 

ft  — £ f,rCtg  ^ 0<£<l. 


(9) 


Key:  (1).  with. 

Let  us  use  fqrnala  (6)  to  any  subregion  of  regioa  Proa  the 
positive  certainty  of  dual  integral  Iz,  we  will  obtain  that  Isv 
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undertaken  along  the  boundary  cf  the  subregion  in  question,  negative. 
Let  us  exanine  now  in  «^0  the  field  cf  the  integral  curves  of  the 
equation 

Re  l (K'nC  - /»)(«..  — -0.  (10  ) 


Along  then  the  integrard  of  integral  I2  turns  into  zero.  Let  us 
call  then  T-curves. 

In  the  second  of  wcrks  [4]  is  deacnstrated  a series  of  the 
theorems,  which  characterize  the  behavicr  cf  1-curves.  Is  particular, 
1-curves  exist  in  each  point  of  subregicn  £+  of  region  U, 
arrange/located  with  »^C,  they  have  continuous  according  to  Gelder 
tangent,  are  not  foraed  loops  and  can  begin  cr  be  terminated  only  on 
boundary  of  the  region  b+.  By  analogy  with  the  second  of  works  [4] 
it  is  possible  to  demonstrate  which  point  K eaerges  inside  region 
ait  least  one  T-curve  which  let  vs  below  call  curve  Tt. 

Eage  13. 

further  affiraaticns  concern  behavior  cf  1,  curve  and  are 
der ive/ccncluded  on  the  assuaption  that  u^ccnet  in  b+. 

the  curve  Tt  cannot  terninate  cn  duct/ccntcur  L [4]. 
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Fee  a proof  let  us  examine  integral  I2,  undertaken  on  Tt  and  the 
part  of  duct/contour  L between  point  of  teriination  of  T4  curve  and 
».  It  is  positive,  which  contradicts  that  dcacqstrated  earlier. 

Ihe  curve  Tt  cannot  terminate  cn  line  p=0  [4]. 

The  proof  of  this  case  immediately  follows  froa  the  exaaination 
cf  integral  I2,  undertaken  1,,  and  G-  characteristic,  which  emerges 
frea  the  pcint  of  terairaticn  curved  I,,  anc  to  the  cut  of 
duct/ccntour  L.  The  obtained  integral  proves  to  be  positive. 

3.  Given  results  indicate  that  the  Tt-  curve  aust  terainate  at 
pcint  0.  Let  us  explain  now  the  behavior  of  1-  curves  in  the  vicinity 
cf  point  0,  utilizing  for  this  purpose  a precise  fora  of  principal 
part  of  the  function  u,  which  is  assigned  by  equality  (4).  The  usual 
methods  of  the  study  of  the  singular  points  of  ordinary  differential 
equations  [6]  lead  to  the  picture,  depicted  in  Fig.  2.  Due  to  the 
symmetry  of  solution  (4)  relative  tc  axle/aiis  1=0  it  suffices  to 
exaaiae  only  region  ty). 

Integral  curve  eguatiens  (10)  in  small  vicinity  of  point  o 
emerge  the  points  of  axle/axis  1,  having  there  horizontal  tangent, 
and  then  they  enter  in  point  0,  coccersiqg  axle/axis  p according  to 
the  ffraula 

|i  = const  03/s.  (II) 


5*  .V  **-* 
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Let  new  curve  Tj  erter  ip  point  0.  Let  us  estinate  the  value  o£ 

integral  Ia,  of  the  undertaken  on  path,  which  is  of  Tt-  curve,  arc  a 

radius  6,  connecting  curve  with  an;  T-  curve,  incoming  into  point  D 
cn  axle/axis  A within  the  vicinity  6 of  point  C,  and  by  quite  this  T 

• curve.  The  contributicn  tc  integral  gives  cnly  integration  for  arc 

1 

ty  a sadias  6: 

i 

— 1 1 4-  o(l)|  5 £,>().  ( 12> 

let  us  release  froi  point  D characteristic  f’,  before 
intersection  vith  hodogxaph  1 and  will  exaiine  the  integral  I2, 
undertaken  on  r,  and  L fres  point  D to  N.  integral  on  L is  positive 
according  to  the  selection  of  functions  B and  »C  on  fornolas  (7)  and 
(8),  undertaken  frea  work  [4].  Integral  value  >ca  r,  is  estinated  on 
the  basis  cf  fornulas  (<i)  and  (7): 

/,  — fr,|l  4-  0(1)15“'.  fr*>0. 

fren  fornulas  (12)  and  (13)  it  follows  that  there  is  that  nunber 
beginning  with  which  tie  value  cf  integral  Ia,  undertaken  on  the 
closed  duct/contour  of  the  described  fern,  it  will  be  positive.  This 
contradicts  that  denonstrated  above.  Only  alternative  is  the 
nonexistence  of  the  solution  u,  different  ficn  constant. 
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Foe  the  completeness  of  proof,  cne  shctld  examine  the  case  of  j 

the  code  the  dominant  terms  of  cld  and  new  flow  they  coincide  and  j 

u(i,  «)  in  the  vicinity  of  the  origin  of  cccrdirates  is  given  not  by 
formula  (4),  but  by  following  term  of  expansion.  j 

i 

. 

j 
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fig.  2. 

Eace  14. 

It  takes  the  saae  fora,  as  for  Legendre's  potential  in  flow  with  n=1 
at  infinity.  Any  expansion  with  dcainant  teia  (4)  and  following  after 
it  by  the  aeaber 

(t)  + T)1'3  -f-  (tt  — -)'ia  (14) 

represents  Legendre's  potential  at  large  distances  from  certain 
airfoil/profile  in  flow  phase  with'Mao=l.  Bcverse/inverse  affirmation 
not  is  proved.  During  tine  sclution  u(9,  a)  wbose  dominant  term  is 
given  by  expression  (14),  tbe  value  cf  integral  I2,  undertaken  in 
circuafereacc  tfi,  it  vanishes  during  decrease  6;  therefore  the 
uqigueness  of  this  soluticn  is  the  consequence  cf  the  results, 
obtained  in  the  first  of  verks  [4]. 

let  us  note  still  cne  fact.  Tbe  scluticn  cf  problem  in 
variations  in  the  case  cf  tbe  flow  around  airfcil/prof ile  of  the 
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inccmp ressible  fluid  exists  and  it  is  singular,  if  is 
assign/prescribed  a circulation  ccrtrcl  or  the  condition  of 
Zhukovskiy  on  new  d uct/contcur.  Equivalent  irca  the  mathematical 
point  is  the  assignment  of  the  coordinates  cnly  of  tip  of  braking. 
Inalogcus  situation  occtrs  during  the  subcritical  flow  of 
a it f cil/prcf ile. 

But  if  velocity  of  incident  flow  is  equal  to  sonic,  then,  as 
shown  above,  the  soluticn  cf  the  prcblei  of  flew  in  region  upstream 
fret  maximum  characteristics  is  singular  without  any  supplementary 
conditions.  The  nonunigueness,  connected  with  arbitrariness  in  the 
assignment  to  circulation  with  respect  to  tie  sufficiently  distant 
duct/contour,  which  covers  airf cil/prcf ile,  or  tear  deceleration 
pcints,  is  transferred  to  tie  region,  arrance/lccated  downwash  from 
shock  waves.  This  result  directly  follows  ficm  the  expansion  of 
solution  at  large  distances  from  airf cil/picf ile  when  [7], 

first  asymmetric  relative  to  X-axis  term  of  expansion  with  zero 
boundary  conditions  on  shock  waves  exist  only  after  them.  The 
coefficient  of  it,  critical  for  the  amount  cf  tctal  lift,  is 
deterained  either  by  the  position  cf  very  stock  waves  or  by  the 
assignment  to  circulation. 
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CPTIHUN  DISTRIBUTION  OF  RING  THICKNESS  IN  A SUPERSONIC  FLOW. 


I.  I.  Eurakcv,  yu.  L-  Zhilin. 


1 

Page  15. 

- 

In  the  work  is  proposed  the  method  of  the  solution  of 
variational  problem  for  the  wing  of  arbitrary  planforn, 
establish/installed  at  2erc  angle  cf  attack,  which  possesses  niiniaum 
wave  iipedance  with  the  assigned/prescribed  volume.  Given  short 
description  of  the  program,  comprised  for  ElsVB  of  the  type  H-20  the 
results  of  the  calculation  cf  delta  wings. 


Let  us  examine  flow  cf  the  supersonic  flew  about  gas  of  the 
fiqe/thin  wing,  establish/installec  at  zerc  angle  of  attack.  Let  us 
ccfsider  that  the  wing  surface  is  symmetrical  relative  to  planes  y=0 
and  z*0,  but  its  planforn  is  assign/prescrited  (Fig.  1).  The  equation 
cf  suction  side  of  wing  let  us  write  in  the  fori  y=6(x,  z) . According 
tc  linear  theory  [ 1]  the  potential  of  the  disturbed  velocity  *(x,  z) 
in  the  arbitrary  point  l(x,  z)  of  plane  y = G is  equal  to 


*)  * - ff  r,)dWt) 

« J)  ] (.<--()*  Fu  n? 


T (r.  t) 
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where  p = V M*  — 1 ; 

Ux.  Mx  - velocity  and  each  nunber  of  the  incident  flow. 


t(i#  t)  - the  part  of  tfce  winq,  limited  by  the  front/leading  Mach 
ccge,  carried  out  from  joint  A. 

- local  angle  of  attack  cf  tie  wing  surface. 


a - - 
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this  relationship/catic  is  the  scluticc  cf  the  problea  of  the 
flea  around  the  isolate d/ insulated  aing  in  the  setting  in  question. 


the  coefficient  of  aave  iapedanen  c,  can  le  presented  in  the 

foin 


c. 


z)  <>¥(*.  £i 

' OX 


dxdz, 


(I) 


Hhere  S - a uing  area. 


B ~ part  of  plane  j=0#  United  fcy  wing  edges. 
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Ihe  complete  volume  cf  wing  V is  equal  to 

V — — ‘2  ^ | xa  (x,  z)  dxdz.  (•_>) 

'/i 

it  is  assumed  that  tie  wing  thickness  turrs  into  zero  on  leading 
and  trailing  edges.  This  condition  for  each  section  z=const  is 
reccrd/written  in  the  fern 

b u) 

I adx  '■=  0,  (3) 

a <«) 

where  x=a(z)  and  x = b(z)  - equation  cf  respectively  leading  and 
trailirg  wing  edges. 

Eguation  (3)  neans  that  of  each  secticc  z = const  the  sun  of 
sources  and  flows  is  equal  tc  zero. 

let  us  for aulate  variational  problem.  It  is  required  to  find  the 
shape  of  surface  of  the  wing,  which  possesses  liniaua  wave  impedance 
with  the  assigned/prescribed  volume.  It  is  assnxed  that  is 
assige/prescribed  the  aach  number  and  wing  flanfcrm,  wing  thickness 
turns  into  zero  on  leading  and  trailing  edges. 

this  variational  problem  is  reduced  to  the  determination  of  the 
aicimnm  value  of  the  fuccticnal  <i>,  equal  tc 
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vhere  X,  and  X2(z)  - Lagrange's  constant  anc  alternating/variable 
factors. 


It  is  possible  to  shew  that  the  first  variation  in  the 
functional  <p  turns  into  zero  during  execction  in  region  D of  the 
condition  (see  [2]) 

# ff  a (5,  1 d ff  a (5,  ij)dtdr\ 

dx  JJ  Vi*  yy + dx  J) 

+ X,  JC -f.  X,(z)  « 0,  (4) 

in  which  the  second  teri  is  proportional  tc  pressure  in  return  flow 
[regipn  tq  (x,  z)  it  is  shewn  on  Pig.  1], 

Page  17. 

The  physical  sense  of  this  condition  consists  in  the  fact  that  for 
the  wing*  which  pqssesses  ainiaua  friction*  pressure  difference  in 
direct/straight  and  return  flows  in  each  section  z=const  is  linear 
function  froa  x with  constant  along  spread/cccFC  gradient  Xt. 
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Be lat icnship/ratio  (4)  kith  given  cnes  acd  >2  oust  be  considered 
as  integral  equation  for  the  local  angle  of  attack  of  the  surface  of 
the  ving  of  nininun  fricticc. 

flhe  fcrnulated  variational  prcblen  has  siaple  solution  with 
deeply  supersonic  wing  edges  when  interaction  of  its  separate 
sections  is  negligibly  snail.  In  this  case  wing  drag  does  not  depend 
on  planforn  and  with  the  assigned/prescribe c airfoil/profile  is 
determined  by  the  law  cf  span  distribution  its  thickness  ratio  and 
local  chord.  In  this  case,  nininun  fricticn  possesses  the  wing  with 
the  parabolic  airfoil/prefile  whose  thickness  ratio  changes  along 
spread/scope  proportional  tc  local  chord.  It  is  possible  also  to  show 
that  with  any  airfoil/profile  a change  in  tie  wing  chord  ratio  in 
this  rule  aakes  it  possible  to  decrease  the  wave  iapedance  in 
ccnparisoi)  with  wing  drag,  which  has  ccrstart  thickness  ratio. 

For  the  solution  of  variational  picblei  with  other  nach  nunbers 
in  the  present  work  is  utilized  ritz's  nebbed,  who  reduces  it  to  a 
sinpler  prcblen  of  finding  cf  the  ccnditioral  aininun. 

Let  us  introduce  tie  new  dinersicr less  cccrdinates 
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•here  £ and  b0  - respectively  spread/scope  ard  root  wing  chord. 


In  the  new  variables  cf  relat iensbip/r etic  (1)  and  (2)  they  are 
record/written  in  the  ferm 


A [l„, if 

nS  J ■'  <lxi  Jj  I'  (JC|  — {,)»  — *l(Z  — *()’ 

V'  — — fro  / JJ  X,  arf.v,  dz, 


where  E»  and  rx  - regions  D and  r in  new  cccrdirates; 


k=/Jt/2b0  - similarity  parameter. 


lor  the  solution  of  variational  prcblei,  let  us  present  the 
eqvaticn  of  suction  side  of  wing  in  the  form 


5 (x,  (*)  - a (*)l  * (■ *.  *)• 


f.(X,  Z)-  £ °*mX^  ~~  JC")|Z|"~1, 


where 


t a(z) 
b(z)  - (1(2  j 
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a»*  some  constant  coefficients. 
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During  this  assign.ent  to  surface,  the  condition  of  inversion 
into  zero  sing  thicknesses  cn  leading  and  trailing  edges  is  made 
automatically;  the  shape  of  surface  of  wing  is  determined  by 
assignment  SB  of  constant  coefficients.  The  local  angle  of  attack  of 
•img  is  equal  to 

_ y/ 

a(JC>  Z)~  Sbu  •■(«  + . (8) 


After  substituting  value  a from  equation  (8)  into 
relaticnship/ratips  (5)  and  <«),  n«  min  obtain 

„.4  IV  H JVM 

" = 1 P=S  1 

ro-1  fsl 
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ttnn= = -(n  + \)xn\\z\m-'dxl  dTz, 


formulated  variational  problea  is 


5 a (ri)  XT/ 

■ here  ,,  . • nthe  fornulated  variational  problea  is 

Ml)  — «(*, t)  r 

reduced  to  fiadiag  of  the  ccnditicral  liniica  cf  function  c,(a„m), 


vhcse  arguments  satisfy  condition  (10).  The  aetbod  of  Lagrange's 
factors  leads  to  the  solution  of  following  linear  system  of 


egaations: 


X (,im  M»».  pq  I Apq:  nm  ) -f-  > Bp  0, 

fix  I 
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Here  X - Lagrange's  indefinite  factor.  The  coefficient  of  nininua 

friction  is  deternined  frci  foraula  cK  =»  ). . 

2 1 

for  the  solution  of  variational  preblea,  was  coaprised  the 
program  for  coapnters  of  the  type  H-20.  This  pregraa  nak.es  it 
possible  tc  also  solve  direct  problea  for  tie  wings  whose  surface  can 
ke  described  by  expressicr  (7).  In  program  it  is  assumed  that  the 
wijg  planfcra  represents  ky  itself  polygon.  Sine  edges  can  be  both 
purely  subsonic  or  supersonic  and  the  nixed  type.  Therefore  the 
proposed  aethod  is  applicable  tc  a breader  class  of  wings,  than  the 
method,  given  in  works  [3]  and  [4]. 

Eagc  19. 

Bering  the  calculation  of  coefficients  A„m,  pq  in  formula  (11)  it 
is  convenient  to  get  rid  cf  derivative  for  xt  by  integration  in 
parts,  i.e . , in  initial  relationship/ratio  (1)  to  pass  froa  pressure 
tc  potential.  In  work  [5]  wing  drag  is  calcclated  froa  pressure 

J 

I 


ECC  = 78103902 


PAGE 


v 


distributi.cn;  in  this  case,  are  utilized  tie  analytical  solutions, 
valid  under  scse  supplementary  assusptions.  Coefficients  A„„.  pq  and 
Bnm  are  detersined  nuaerically  by  the  consecutive  applica tion/use  of 
simpsen's  forsula.  For  xefiring  the  calculation  according  to  this 
formula,  prelimina r ily  is  isolated  the  special  feature /pec uliarity  in 
derivative  of  potential,  that  appears  cn  leading  uing  edge. 

After  the  solution  cf  linear  systea  and  determination  of 
coefficients  a„m  is  perfected  pressure  distribution  calculation  and 
uing  thickness  of  sinisun  friction  in  the  assi gned/prescribed 
sections. 

According  to  the  proposed  netted  were  carried  out  the 
calculations  of  delta  uings.  In  these  calculations  the  parameter  of 
similarity  k changed  in  the  range  fees  0.2  tc  2.  For  each  value  of 
parameter  k at  the  assigned/prescribed  values  cf  H and  N,  was 
determined  the  coefficient  c„  of  the  viqg  cf  ainiaua  friction,  vas 
located  the  distribution  cf  uing  chord  ratic  <(i,  s)  and  the 
dimensionless  coefficient  cf  presscre  cp(x,  z ),  equal  to 

r __  P $ *0 
' F f' 

uhere  dp  and  g - a pressure  increment  and  velocity  head. 
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For  estimating  the  decrease  of  wave  impedance  as  initial,  was 
undertaken  the  wing  with  the  paratclic  air f cil/prcf ile,  whose 
thickress  ratio  was  constant  along  spread/sccpe  (11=1,  N=1).  The 
coefficient  of  the  wave  impedance  of  this  wing  is  designated  through 


On  Fig.  2,  is  represented  the  dependence  on  the  parameter  of 

similarity  k of  the  minimum  value  of  the  coefficient  of  the  wave 

impedance  c, min,  achieved  in  these  calculations  and  the  coefficient 

of  the  wave  impedance  of  initial  wing.  There  value  of  the 

coefficient  of  wave  impedance  £,(,»  of  body  of  revolution,  which 

possesses  minimum  friction  of  the  assigned/prescribed  length  bn  and 

1 28  U 

volume  V.  As  Is  known,  cx 00  = 

Tt 

frcm  Fig.  2,  it  is  evident  that  tie  wings  cf  minimum  friction 
pcssess  substantially  smaller  fricticn  in  comparison  with  initial 
wing,  relative  gain  in  friction  decreases  with  supersonic  wing  edges 
and  with  k - becomes  equal  tc  Cxm*-.  „ -L  _ 

c,.  9 
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On  Fig.  3 foe  the  value  of  the  parameter  cf  similarity  k=0.8,  is 
shewn  the  distribution  cf  a difference  in  tie  ccefficients  of 
pressure  Ar,  in  diretit/straight  and  returc  flews  for  an  initial 
wing  and  the  wing  of  micinua  friction  of  H = 3,  1*3.  It  is  evident  that 
for  the  wings  of  minimui  fricticn  the  curves  cf  distributions 
are  close  to  parallel  lines.  Similar  patterc  is  observed  at  other 
values  of  parameter  k.  lhus,  the  proposed  method  makes  it  possible  to 
ettain  approxinate  solutiens  of  eguaticn  (4)  both  with  subsonic  and 
with  supersonic  wing  edges. 

On  Pig.  4 for  the  different  values  of  th«  similarity  parameter, 
is  shown  the  dependence  cn  R and  II  of  valne  A , 


which 
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characterizes  the  decrease  cf  nave  iapedance.  It  is  evident  that 

■ear  scnic  and  supersonic  edges  (k^0.8)  the  friction,  close  to 

minimum,  is  achieved  on  the  wings  with  parabolic  airfoil/profile 
(N=l)  whose  thickness  ratio  decreases  toward  the  end  of  the  wing. 


with 


With  deeply  subsonic  edges  (k^0.6)  the  resistance  close  to 
minimum,  it  is  possible  to  obtain  on  wings  with  constant  thickness 
ratio  (M=l)  by  the  optimization  of  airfoil/profile  (N=4).  In  these 
conditions/modes  the  essential  decrease  of  friction  is  achieved  also 

on  wings  with  a sinpler  air foil/ptcfila  (I*  1,  2 and  3)  and  fron 
variable  along  spread/scope  by  .hickness  ratic. 
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Cage  21. 

This  position  is  correct  for  the  wings  cf  sere  ccnplex  planforn. 


On  Pig.  5,  is  shewr  the  fern  cf  the  wirg  profiles  nininun  wave 
inpedance  with  deeply  sohscric  leading  edges  with  H=1  and  N=4r  i.e. 


fcith  constant  thickness  ratio  along  the  sprcad/scope  (on  Fig.  5a  the 
fora  of  airfoil/profiles  is  cellared  ic  idertical  area,  on  Pig.  5b  - 
kith  identical  maximum  thickness).  For  these  airfoil/profiles  is 
characteristic  the  displacement  of  thickness  distance  forward.  Kith 
an  increase  in  the  similarity  parameter,  decreases  maximum  profile 
thickness  (see  Fig.  5a),  in  this  case  the  convergent  part  of  the 
airfoil/profile  (see  Fig.  51)  it  remains  aliost  constant/invariable, 
and  diffuser  becomes  more  ccnvex.  The  totality  cf  these  factors  makes 
it  possible  to  substantially  decrease  wave  ting  drag  with  deeply 
subsonic  edges,  which  has  the  assic ned/pre  scribed  volume. 


r 
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t 
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Fig-  5. 
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1HI  SIMILARITY  OP  F10HS  WITH  SPBAI1HG  JETS. 

¥.  H.  Gusev,  V.  V.  Mikhaylov. 


Ice  examined  the  jet  streams  cf  viscous  tbecaodynaaically  ideal 
gas.  On  the  basis  of  diaensicnal  tbecry,  are  establish/installed  the 
lave  of  similarity  for  these  zenes  of  flow  in  v hich  the 
size/diaension  of  initial  jet  cross-sectio c a 1 area  can  be 
disregarded. 


let  us  examine  the  discharge  cf  gas  jet  frem  the  geometrically 
siailar  bodies,  streamlined  with  tie  ucifcn  incident  flow  (Fig.  1). 
Gases  in  the  incident  flow  and  in  jet  ve  assume  by  thermodynamically 
ideal.  Let  the  distributions  of  the  flew  parameters  over  initial  jet 
cross-sectional  area,  in  reference  tc  the  appropriate  characteristic 
values  in  the  beginning  of  jet,  be  identical,  tlen  the  solution  of 
problem  will  be  by  pillar  determined  by  the  following  set  of  the 
parameters:  by  pressure  . by  density  p«,,  by  the  velocity  ux  and  by 
the  cpefficient  of  viscosity  ^ in  the  incident  flow;  by  the  linear 
dimension  of  body  L by  the  size/disensicn  cl  initial  jet 
cross-sectional  area  d;  by  the  characteristic  flow  paraaeters  in  jet 

P,<  (*/>  u/<  i »/.  and  also  by  characteristic  gem  enthalpy  on  body  surface 

Hu. 
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In  this  case,  the  constants,  which  determine  tie  physical  properties 
c£  gases  in  jet  and  in  the  external  flew,  fer  example  the  TTQjb \o  of 
specific  heat  »,  the  nuafcer  cf  Prandtl  a ard  cf  so  forth,  we  assuee 
diiensicnless  and  by  already  entering  the  cumber  of  criteria  of 
siailarity  of  problem.  Ihe  remaining  siailaiity  criteria,  which  are 
the  independent  diaensicnless  ccabinaticns  cf  the  determining 
parameters,  can  be  written  in  the  feem 
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Eet  us  examine  the  limiting  case  of  flews  when  /;*  / 0,  when 
parameter  dL-*  0,  but  tie  effect  of  jet  cr  external  flow  is 
substantial,  i.e„,  the  total  inpulse,  introduced  into  flow  by  jet 
during  the  passage  to  tie  liait  ircicated,  let  cs  coapara  with  the 
characteristic  moaentua/iapulse/pulse  of  external  flow  p^l?. 
then  instead  of  the  deteraining  paraweter  d intc  problea  enters  the 
characteristic  aoaentua/iapulse/pulae  / ’ d!(P/  I py uj)  »,  and  the 
paraweter  cf  similarity  dL*1  aust  la  replaced  ty  p'm  l.l  l/2. 


FCCTNOTE  *.  The  case  of  plane  flow  will  be  exaained  below. 
EKDFCGTNOTE. 

In  this  case,  froa  criteria  of  siailarity  (1)  it  is  necessary  to 
exclude  relation  PjP since  when  dL~»  C and  finite  values 

M,  and  p'£  Ll~l  1 value  p,pZl  — <x>. 

thus,  siailarity  criteria  tale  the  fora 
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Dimensionless  dependent  and  independent  alternating/variable 


pretleas  we  can  be  written  in  this  case  as  follows: 
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If  parameter  I is  is  replaced  ty  P»,d-,  where 
characteristic  stagnaticn  pressure  ic  jet,  then  the  similarity 
paxaaeters  and  variables  can  be  presented  ic  the  fora 
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free  celationship/ratics  (4)  it  fellows  that  with  equality  the 
cbtaiaed  siailarity  criteria  the  linear  diaensiens  of  jet,  in 
reference  to  the  size/diaensioa  of  its  initial  section,  increase 
pxcpoxtioaal  to  rqot  fees  relation  p«,p*\  1st  characteristic 
Veynoids  nuaber  jet  decreases  in  ccaparison  with  Re,  into  the  sane 
nutter  once. 
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In  the  case  of  the  plane  flow  in  relationship  (4)  instead  of 


Z p i 

parameters  Kt  and  X2  they  will  enter  K\  = K ; A*s  - Rey 


0/ 


Poo 

' P»  i 


bat 


independent  the  variable  x will  take  fern  x ■ 


Bet  us  extract  sinilarity  criteria  in  soae  in  practice 
interesting  special  cases  of  the  flows  in  question: 

unifora  external  flew  (!*•)- 


U,  !*/ 

M».  Kt,  My,  /-■  ZL; 

«*CX>  30 


(5) 


discharge  into  quiescent  gas  (ux~0) 


«» M-  VZ-  £= 


(6) 


the  flow  of  nonwiacowa  gaa  (i*y  = ii»~0)  — 


M*  ’ *»•  uL 


(7) 


Jf  daring  the  apeclflc  flew  ccaditioaa  Moo«^>l  (where  • - 


I 
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characteristic  angle  of  jet  inclination),  tlen  pressure  p «,  can  be 
disregarded,  and  in  criterion  cf  similarity  (7)  number  M*  will  not 
enter.  In  this  case  after  replacement  in  (4)  pM  by  pxh£,  the 
dimensionless  dependent  and  independent  altcrna ting/variab le  problems 
it  is  possible  to  write  in  the  form 


u 


u p 

- ; P = -v ; 

U)  pa>«co 


Hl 

. a 

Poo  Wo 


p; 


X 


X 

d 


<»> 


Let  us  note  that  in  the  examination  of  similarity  separately 
inside  and  out  of  jet  criterion  (or  replacing  it  when  — 0 

parameter  is  unessential  and  drops  cut*. 

PC CT NOTE  1 . At  the  examination  only  of  geometric  similarity, 
parameter  «/«“'  is  alsc  unessential.  This  case  with  Kt  = 0 was 
examined  in  work  [1].  EIDf CCTNOTE. 

In  this  case,  the  dinensicnless  forn  of  the  dependent  and  independent 
variables  for  flow  within  jet  renains  previous,  and  for  the  external 
flew  cf  value  ujt  entering  relationship/ratios  (4)  or  (8),  must  be 
replaced  by  «». 
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f he  lav  of  similarity  for  the  fora  of  ;et  vas  tested 
experimentally  when  M,  = 1,  u*-  0,  *y  — 5/3.  The  results  of  these 
investigations  are  given  tc  Fig.  2,  cn  vhief  an  plotted/applied  the 
d iaensicnless  coordinates  of  suspended  shock  wave  in  the  jet 

*-0,5x4  'p'Jp»)r\  Y^0,5yil-'  p'£pu';\ 

■here  x,  y - cylindrical  coordinates,  d - a diaieter  of  nozzle. 

fage  25. 


Solid  line  on  Fig.  2 corresponds  tc  the  approximate  theoretical 
dependence,  constructed  according  tc  method  of  operation  [2j.  Let  us 
note  that  the  obtained  previously  relationship/ratio  for  the 
coordinate  x,  of  closing  shock  wave  [3]  also  it  oxporiaoatally 

X / n 

corresponds  to  tha  written  above  law  of  similarity  J 1/  t—  ~ const. 

"I  Pnf 


let  us  exaaine  in  conclusion  the  case  cf  the  outflow  of  gas  into 
vacuus  — p»'”0),  after  excluding  frem  the  number  of  those 

determining  the  characteristic  paraaeters  cf  external  flow. 
Eelationship/ratios  (4)  arc  converted  in  this  case  to  the  fora 


M/t  «=•“  ; 
' «/ 


x — 


x I 
d 
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When  (*/  — 0 (.ncnvisccus  gas)  of  the  determining  parameters  of 
the  problei  it  is  not  possible  to  comprise  combination  with  the 
dimensionality  of  length.  Cc nscgue 1 tly , in  acccidance  with  the 
results  of  wcrh  [4],  far  from  initial  jet  cioss-sectional  area  of  the 
flew  line  of  the  flow  in  guesticn  are  close  to  proceeding  of  one 
point  direct/straight  lines. 

It  should  be  noted  that  the  conclusions,  which  relate  to  the 
case  of  discharge  into  tacuui,  can  be  valid,  also,  when  p*>  / 0 for 
that  region  of  the  strongly  expanded  jet  in  which  the  effect  of 
external  flow  can  be  disregarded. 

FEE  EBENCES 

7.  1 F Horan.  Similarity  in  high-altitcde  jets.  AIA  A J,  v 5,  No 
7,  1917. 

2.  V.  N.  Gusev,  T.  V.  klimcva.  Flow  in  those  escape  from  those 
underhxpanded  it  puffed  jets.  Mlzv.  AN  of  tbe  CSSR  HZhG",  1968,  No  4. 

3.  H.  Ashkenas,  F.  S.  Sherman.  Tbe  structcre  and  utilisation  of 
suprspnic  free  jets  in  law  density  wind  tunnels.  Dynamics  of  Rarefied 
Games.  Forth  Symp.  Acad.  Cress,  1965. 


L 


CCC  * 78103902 


pACt 


D*  Lady*bensJli»  » 

ficus  and  +>.  * nalysis  of  the 

the  s°l«tion  Cf  t*  e9«ations  of  hv 

-•  .ok  isr  rr 01  c"ctr-  .rric 

S‘  7,  iS65.  u “atneBatics 


CCC  = 78103902 


P«« 


Page  26. 

THE  SJIWLATICN  OF  VISCOCS  HYPEFSON1C  FLOWS  IN  SIND  TUNNELS. 

1 

V.  S.  Galkin,  T.  S.  Nikclaev. 

On  the  basis  of  calculation  data,  obtained  by  the  method, 
presented  in  works  [1]  and  [2],  it  is  examined  a question  concerning 
the  effect  of  different  similarity  criteria  cn  the  aerodynaaic 
characteristic  of  plate,  arrange/lccatc d at  lew  angle  of  attack, 
under  the  conditions  of  interaction  of  laairar  boundary  layer  with 
hypersonic  inviscid  flow.  Is  carried  cut  the  analysis  of  questions  of 
the  simulation  of  actual  conditions  in  wind  tunnels.  Are  given  to 
reccmmenda tion  regarding  the  recalculation  cf  experimental 
aerodynamic  characteristics  to  full-scale  fer  the  cases  when 
dissimilarly  at  onece  to  several  similarity  criteria. 

IP 

Curing  the  flow  around  todies  cf  the  flow  ci  gas  of  low  density  the 
aerodynaaic  characteristics  of  bodies  depend  net  only  on  gas-dynamic 
similarity  criteria,  but  also  on  a whole  series  of  the  criteria, 
conneoted  with  the  viscosity  effect  and  thermal  conductivity  on  all 
the  field  of  flow  about  body,  with  the  conditions  of  cooperating  the 
sclecmles  of  gas  with  tie  tody  surface,  etc.  Such  conditions/aodes  of 
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flew,  which  ace  realized  during  hypersonic  flights  of  flight  vehicles 
at  high  altitudes,  are  cxtrenely  ccaplex  fet  siiulation  in  wind 
tut  Dels. 


It  present  because  of  the  use  of  the  cverexpanded  jets,  it 
possible  tc  obtain  in  tie  lew-tewpe ratuce  irdtaft  wind  tunnels 
flew  ever  a wide  range  cf  basic  similarity  criterion  during 
hypersonic  stabilizatiot  [3] 


was 

of 

\ 


Poo  U oo  L 

l‘o 


(1) 


where  pM , uM , L , |i,,  - respectively  density  and  velocity  of  incident 
flew,  the  significant  dinension  cf  bedy  (fci  a plate  its  length)  and 
the  coefficient  of  visccsitj,  calculated  of  tenperature  of  braking 
the  incident  flow  T0.  Ibis  tange  includes  tie  ccnditions/node  of 
viscows  hypersonic  interaction  (large  pushers  Be„)*  flow  conditions, 
close  to  free  aolecolar  (snail  nunters  Ee0) , and  so-called  transient 
(internediate)  flow  conditicns  of  the  rarefied  gas. 

Eage  27. 


■owever,  in  the  low-tenperature  ducts  where  value  T0  is  close  to 
reen,  is  not  realize/acconplished  siaulaticc  cm  a series  of  other 
iaportant  siailarity  criteria.  The  aercdynaaic  characteristics  we  can 
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depend  substantially  on  teaperature  factor  1V  — ~ , where  T w—  the 

' ii 

teaperature  of  body  surface,  and  fres  the  parameter  y,  entering  the 
law  of  the  dependence  of  the  coefficient  of  viscosity  p on 
teaperature  1 (for  exaaple,  y-a,  if 


Id  connection  with  this  arise  the  guesticcs  concerning  the 
degree  of  the  effect  of  different  siailarity  criteria  on  the 
aerodynaaic  characteristics  of  bodies,  concerning  the  recalculation 
cf  the  experiaental  data  on  full-scale  with  the  noncoincidence  of 
siailarity  criteria  finally  on  the  selecticc  of  the  wind  tunnel, 
which  allows  in  a best  for  this  object  Banner  tc  siaulate  conditions 
cf  natural  flew.  Due  tc  the  coaplexity  cf  the  equation  of  Boltzaann, 
to  give  sufficiently  coaplete  answer/response  tc  these  questions  for 
transient  conditions/aole  is  difficult;  therefore  is  necessary  the 
corresponding  analysis  for  the  liaiting  cases  of  the  saall  and  large 
ousters  Re0. 


1 question  concerning  the  reca lculat ic r of  experiaental  data  to 
full-scale  for  the  flows,  close  to  free  aclecular,  is  exaained  in 
acncgraph  [4].  with  the  large  Ee0  is  logical  to  exaaine  flow 
ccnditions  near  the  Unit  of  the  applicability  cf  the  aechanics  of 
coftienous  aediua*,  i.e.,  the  conditicws/acie  ef  the  viscous 
byperscnic  flows  where  the  effect  of  decrease  is  exhibited  only 
in  thfe  aaplif ication  of  the  viscosity  effect  »sd  theraal  conductivity 


h. 
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cn  all  the  £ield  of  disturbed  flow. 

FCCTNOTE  *.  As  show  the  available  in  tie  published  works  data,  under 
these  conditions,  in  any  case  at  velocities  it  is  less  or  the  order 
cf  the  first  space,  the  effects  of  iaperfect  gas  are  insignificant 
and  air  can  be  considered  as  ther acdynaaically  ideal  gas. 

E I DFOGTNOTE. 

In  this  case,  maxisua  effect  on  the  aeicdynaaic  characteristics  of 
value  tm,  7 is  had  in  tie  case  cf  slender  bcdy  at  low  angle  of 
attack.  If  the  effect  ol  cne  or  the  ether  similarity  criterion  on  the 
tctal  aerodynaaic  coefficients  cf  slender  todies  is  saall,  then  it, 
generhlly  speaking,  will  be  still  less  in  tie  case  of  "thick"  bodies. 
Ecr  this  very  reason  in  this  work  is  examined  tie  case  of  the  flow 
around  the  plate,  arrange/lccated  at  low  angle  cf  attack  a,  under  the 
conditions  of  interaction  of  laainar  boundary  layer  with  hypersonic 
invisaid  flow.  The  utilized  calculated  data  are  obtained  by  the 
aethod,  described  in  works  [1]  and  [2],  under  tie  sane  assuaptions  of 
the  relatively  theraodynaiic  properties  of  gas,  etc. 

the  dimensionless  local  sad  total  aexccynsiic  characteristics  of 

(c 

and  of  so  forth)  under 

the  conditions  of  the  viscous  hypersonic  flews  cf  the 
tberaodynaaically  ideal  gas  are  determined  by  'criteria  of  siailarity 

= M»«,  f.-  , t.  *.  Pr.  (2> 


_ ^ <5*f  t fTt, 

* r* 
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Here  c„  cy~  the  drac  coefficients  and  lift,  in  reference  to 

length  of  plate  and  velocity  head  cf  the  ircidect  flow;  Pr  - 
Erandtl's  cumber,  x — specific  teat  ratio,  Mx  — aach  number  of  the 
incident  flow. 

Cage  28. 

Under  the  conditions  of  hypersonic  stabilization  (K0>>1)  aerodynaaic 
characteristics  do  not  depend  cn  Kc.  Under  conditions  of  wind  tunnel 
teats  ^,^1,  under  actual  ccnditiops  /„,<<  1.  For  heliua  in  wide 
internal  to  tenperature  x - 5/3,  Pr  0,68,  t*  ~ P w <a=  0.647).  For  air 

* ~ M,  Pr*0.7,  the  dependence  cf  the  coefficient  of  viscosity  on 
1 takes  the  fora 

tx- 10“  /■••/■*]  =0,1 755- exp  0,167 1( In  T - 5,403)*  + 0,1 72|*1.  (3) 


In  this  case  y=T0.  Foraula  (3)  is  obtained  via  approx iaation 
with  error  1-2o/o  in  data  cn  p (T)  frea  vocks  [5]  and  [6]  1 . 


I 
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PCCTNOTE  *.  Kith  T>2000°K  fica  the  schedules  cf  operation  [6]  were 
taken  values  p for  the  high  values  cf  pressure,  when  the  effects  of 
iaperfect  gas  were  unessential.  Let  us  note  that  the  data  [6  ] for 
».  (7)  they  uill  agree  well  with  the  results  cf  week  [7].  EM DFOOTHOTE. 


kith  T<150°R,  according  tc  work  [5],  p~T,  i.e.,  u=1,  with  T>400°K 
value  a is  close  to  0.67.  Value  a=C.67  ("  large"  T0)  is  realized 
under  actual  conditions,  case  u=1  ("  snail"  70)  is  nearer  to 
experiaental  conditions  in  indraft  aind  tunnels  without  preheating  of 
gas  ia  precoabustion  chaiher. 

let  us  note  that  with  large  T of  value  Pc  and  a for  heliun  and 
air  axe  very  close  and  a difference  in  the  acr<cdjaaaic  coefficients 
cf  bodies  is  caused  by  a difference  in  the  values  * [with  the 
fixed/recorded  values  of  regaining  criteria  (2)]. 

In  this  work  is  net  utilized  the  apprciiaate  law  of  siailarity 
cf  Cheng  [8],  who  correlates  well  (it  crass  together)  data  on  y ; 
however,  it  gives  insufficient  correlation  cn  tw  [1,  2]. 

7HI  SJHOLA7IOI  OF  FOLL-SCIIE  ILC8  IR  LC1-PIISSUBE  WIND  TUNNELS. 

Let  as  exanine  a gueaticn  concerning  the  direct/straight 
simulation  of  actual  coeditions  in  wind  tunnels  under  the  conditions 
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of  viscous  hypersonic  flows  (in  the  ease  of  the  plate, 
arrange/located  at  snail  angle  a).  Under  direct/str aight  siaulation 
is  iaplied  the  possibility  cf  the  direct  "transfer"  of  experiaental 
data  tc  actual  conditions.  This  is  possible  when  all  the  siailarity 
criteria  in  duct  and  nature  coincide  or  when  difference  for  one  or 
even  several  siailarity  criteria  leads  to  it  effect  unessential 
differences  in  aerodynaaic  characteristics. 

During  direct/straight  siaulaticn  aunt  he  aa intain/withstood 
identical  criteria  of  siailarity  K0  and  ».  the  not  connected  with 
viscosity  effect  (and,  cf  ccurse,  the  value  of  tasic  criterion  of 
siailarity  a*/ReJ  or  Re e during  strong  interaction).  For  the  analysis 
cf  the  role  of  reaaining  criteria  cf  siailarity  y,  'w  is  aost 
characteristic  the  range  cf  strong  interaction  (<“i  Ke„  -0).  It  is 
real/actual,  with  an  increase  a*/Re0,  the  viscosity  effect  on 
aerodynaaic  characteristics  decreases,  with  respect  decreases  the 
effect  of  the  siailarity  criteria,  caused  hy  the  viscosity  (see 
helowj.  Consequently,  if  is  realized  direct/straight  siaulation  under 
the  conditions  of  strong  interaction,  then  it,  as  of  old,  will  be 
aadc  ander  conditions  of  the  aoderate  and  weak  interaction. 

fage  29. 


Therefore  let  us  here  exaiire  only  the  conditicas/sode  of  strong 
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interaction,  aoreover  we  will  be  restricted  to  the  analysis  of  the 
basic  total  (taking  intc  account  bctfc  sides  cf  plate)  aerodynamic 
ccef f icients:  the  drag  ccefficieat  r,„  and  oi  derivative  of  lift 
coefficient  in  angle  of  attack  when  ’ Her9  r‘-  is 

given  by  the  theory  of  the  strong  interacticc  cf  the  zero  order  when 
r,  dees  not  depend  on  a,  and  o,.n  by  the  thccry  of  the  strong 
interaction  of  the  first  order,  since  the  nenbers  of  zero  order  for 
pressure  on  both  sides  cf  plate  are  identical  acd  during  the 
calculation  of  lift  mutually  cancel  each  otter. 


Ihe  results  of  calculations  ccll.  c’,n  with  the  use  of  foraula 

(3)  fpr  m (t)  ere  given  to  figs.  1 and  2.  On  fig.  1,  are  represented 
dependences  cr0Rp;!M  and  c'vn  Rei'  cn  criteria  tw  and 
1 7„  f . Tr<~  the  teaperature  of  the  heat-insulated  plate).  To 

Pig.  2,  are  given  the  curve/graphs,  which  show  relative  difference 
r,„  and  c,„  frot  the  appropriate  values  with  "full-scale"  n*0. 67 
(la  this  case  conditionally  we  take  l0=a)  # depending  on  tw  with 
different  T0.  Value  A,rr0  is  calcnlated  frea  the  foraula 


crn  — 


C,o(T„)  - ^,,(00) 


analogously  is  determined  A, rj, „ Value  %o-0  conditionally  corresponds 


tc  case  n=  1.  Comparison  is  conducted  with  the  identical  nuaber  Re0. 
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It  is  interesting  tc  ncte  that  the  effect  tw,  t0  on  r,.n  is 
substantially  less  than  tc  the  coefficient  cf  pressure  [2]. 

Vhe  analysis  of  dependences  on  Figs.  1 and  2 shows  that  for 
providing  direct/straigkt  acdeling  it  is  necessary  to  conpletely 
strictly  maintain/ withstand  equality  the  values  of  criterion  tv . so, 
a comparatively  mmall  difference  in  tw(tw„  — 0,05,  fwT  = 0,l5)  leads  to  the 
difference  in  valeem  c,  and  cy  mere  them  lOo/c  [index  of  "n"  is 
related  to  the  conditions  of  hypersonic  flight  in  the  atmosphere 
, the  index  cf  "t*  to  conditions  in  wind  tunnel]. 


| 

t 

> 


* 


■ '••  • ■ erf"'.,  a *< " • ; 


EGC  = 78103902 


E 16 1 JHT 


7/ 


Face  30. 


Essential  is  criterior  7.  Data,  presented  in  Figs.  1 and  2,  nake 
it  possible  to  answer  a question,  to  which  values  it  is  necessary  to 
increase  teaperatare  of  gas  in  preccatusticc  chaaber  T0  in  order  to 
ensure  the  siaulation  of  actual  conditions  iron  acceptable  for 
practical  target/parposes  with  degree  of  accuracy.  So,  heating  gas  in 
pceccabusticn  chaaber  tc  Ta=2000°K  pro  widen  the  siaulation  of 
fwll~scale  values  c,  and  cy  with  error  d*«o/o  with  0,05. 


BIC 1LCOLATIOM  OF  EXPEH1EEH1L  DAT1  tO  F0LWCAIE. 
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Jn  connection  with  tbe  great  difficulties  cf  realizing  the 
direct/straight  simulation  in  wind  tunnels,  unavoidably  gets  up  a 
cuesticn  concerning  the  procedure  cf  the  recalculation  of  the  results 
of  experiment  for  actual  conditions,  ccncercing  the  introduction  of 
tbe  corresponding  corrections  which  can  be  cfctained  from  the  results 
cf  the  parametric  analyses  cf  the  flew  arourd  the  simplest  bodies, 
let  us  demonstrate  in  the  most  demonstrative  form  the  degree  of  the 
effect  of  all  essential  criteria  of  similarity  (K«,  *,  i)  on  the 
tctal  aerodynamic  coefficients  cf  plate  t\,  cy  in  an  entire 
interaction  region  from  the  powerful  tc  the  weak  and  will  formulate 
the  rules  of  the  recalculation  of  experimental  data  to  full-scale.  In 
this  dase,  of  course,  we  assume  that  the  basic  criterion  of 
similarity  a3/Re0  under  conditions  cf  flight  and  aerodynamic  of  duct 
is  identical.  During  a change  in  this  criterion,  aerodynamic 
coefficients  can  be  changed  on  several  erders  and  it  cannot  be  spoken 
atcot  any  correcticns  and  rccalculatic 9.  A ♦ the  sane  time  incomplete 
similarity  on  criteria  K„,  »,  tw,  t can  lead  tc  errors  from  several 
percentages  to  several  tens  of  percentages,  and  recalculation  can  be 
treated  as  introduction  if  several  corrections; 

Vhe  analysis  cf  the  presented  belcw  graphic  material  makes  it 
possible  before  experimentation  to  explain  the  degree  of  the  nearness 
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cf  expected  experimental  and  full-scale  aerodynamic  characteristics, 
acd  in  the  presence  of  several  experimental  installations  to 
rate/estinate,  which  of  thea  acre  approaches  fer  a 
ccrcrete/specif ic/actual  experiment,  i.e. , in  which  case  it  is 
necessary  to  introduce  swaller  correcticn.  her  example,  in  the  vacuum 
lcq-temperature  ducts,  working  in  air,  each  nuaher  and,  therefore,  K0 
are  ccmparatively  small,  hut  in  helium  ducts  are  close  to  full-scale. 
Since  corrections  on  K0  can  be  more  than  corrections  on 
experiment  in  helium  duct  can  render/shew  acre  preferable  experiment 
in  les-tenperature  vacuum  ducts. 


Cn  Figs.  3-7,  are  represented  the  results  cf  the  calculations  of 
relative  differences  (ccr rections)  in  the  percentages  of  values 
c,l*'  and  Cy/d*  froa  thmir  "auppcrting/reference"  values  depending 
cn  «*/Bea  with  different  K<>,  *,  T (m=1  arc  C-C7) . 


On  Figs.  3 and  4 scppcrting/cefererce  are  valnee  cjaJ  and 
Cy/a » under  conditions  of  hypersonic  stabilization  CK0»«)  when 
* - 1 ,4: 


c(Kt)  - c (oo) 
c(oo) 


» 


Here  below  c is  equal  cither  c,/a*,  «r  c,/*3. 


1 
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pn  Pigs.  5 and  6 as  supporting/ref ereqce  are  selected  values  c 


vhcr  V-V 


cUj~c(tM) 

bwc  ■=■-  — ~jf-  ) (K0  — <»,  x = 1 ,4). 
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c (m  - I)  £ (0,(>7 > 

c((),(i7) 

*(*  = J ) — c(1.4) 


Values  i*  r,  Awc  aith  are  calculated  at  the  fixed  values  a=0.67 
and  1.  Values  aa  c,  a tf,  A, c characterize  elfect  K',„  a (i.e.  j) 
respectively.  The  difference  fcr  data  for  teliai  froa  data  for  air 
aith  K0=«  is  characterised  by  value  A.  (here  is  considered  the  aade 
abeve  ebservation  about  neatness  Pz  and  ■ cf  heliua  and  air  at  hiqh 
values  7) . 

Resultant  foraula  for  the  recalculaticn  of  experiaental  data  to 
full-scale  takes  the  following  fera: 


MH-AaMI  M»)h 

O f d*>.(l  ( aJt(I  H-  at),(1  + A.),  1 


A ,C) 


Here  by  c it  is  understood  either  cj aJ,  «r  cy/a*  at  the 
identical  value  of  criterion  of  similarity  a*/le0  for  vind  tunnel  and 
for  nature.  Under  the  actual  conditions  a-0.67,  case  a=1  in  the  first 
appro? iaation,  corresponds  to  test  conditicns  in  of  low-teaperature 
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vacuui  ducts.  For  obtaining  aore  precise  value  Arr,  one  should 
A iC,  specific  Fig.  7,  aultiply  on  ^ • undertaken  Fig.  2 

(strong  interaction). 

fhe  degree  of  effect  K0  under  the  actual  aid  experimental 
conditions  (see  Figs.  3 and  4)  is  essentially  different.  This  is 
explained,  in  essence,  by  difference  in  values  tm,  with  increase  tw 

\ 

sharply  increases  the  bcurdaty  layer  thickness,  hypersonic 
stabilization  sets  in  at  snaller  values  K0.  If  tw  in  duct  or  in 
flight  considerably  they  differ  free  tw  op  figs.  3 and  4,  then  for 
refining  values  (1  -f  aa)„  and  (1  i a«),  it  if  possible  to  utilize 
linear  interpclation  on  tw  between  the  values  of  these  values  (see 
Figs.  3 and  4)  when  tu,  =>  0,05  (/n  = U,ti7)  and  tw  — te<t  (m  = 1).  Checking  in  a 
nuaber  of  exaaples  confined  the  legitivacy  of  such  an  interpolation. 
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fig.  n. 

Page  33. 

Primary  attention  in  article  was  allotted  to  the  analysis  of 
corrections  for  c,  and  cy  ia  connection  with  the  fact  that  the 
lift-drag  ratio  and  the  c«nter-cf- pressure  location  is  considerably 
acre  ccnservative  tc  changes  K„,  *,  tw,  m [1,  2]. 

fhe  formulated  rules  of  recalculation  can  te  utilized  also  for 
fine/thin  airfoil/profiles,  ate  also,  apparently,  and  for  the  wings 
(during  the  calculation  of  nunber  Fe0  fer  a wing  as  reference  length 
it  is  possible  to  take  the  lean  chord). 
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EETROD  OF  CALCULAT ICN  CF  TBF  TUREU I ENT  JETS  NEAR  THE  HALL  HHEN  THE 
LC  NGITUDIN  IL  GRADIENT  OF  PRESSURE  IS  PHESEK1,. 

A.  S.  Ginevskiy,  A.  V.  Kolesnikov,  I.  N.  Podcl'ryy. 

Is  set  forth  the  integral  netted  of  calculation  of  the  turbulent 
jets  near  the  wall,  which  are  spread  in  the  slipstreaa  with 
downstrean  pressure  gradient.  Cn  tie  basis  cf  this  aethod,  it  is 
possible  tc  calculate  the  tasic  secticn  of  the  jet  near  the  wall  for 
all  its  extent/elongaticn  up  to  its  degeneratiei  into  usual  turbulent 
bcundhry  layer  or  - with  positive  dcwnstreai  pressure  gradient  - 
before  the  section  where  occurs  flew  breakaway. 

the  investigation  cf  the  seai*»bounded  turbulent  jets,  which 
develop  alcng  curved  surface  in  the  slipstreaa  with  downstrean 
pressure  gradient,  is  oi  interest  fer  aaqy  areas  of  technology.  For 
the  apprexiaate  coaputaticn  of  such  jets,  are  developed  the  aethods. 
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instituted  on  the  use  of  sexi-eapirical  theories  of  turbulence.  So, 
by  G.  8.  Abramovich  is  proposed  the  Method  of  calculation  of  the 
flat/plane  semi-bounded  jets  in  cccunent  grad ient- free  flow  [1],  by 
8.  I.  Akatnov  - flat/plene  flooded  jets  [2].  Survey/coverage  of 
foreign  experiments  in  this  field  is  ccrtaired  in  work  [ 3],  where,  in 
particular,  it  is  mentioned  J.  Harris'  atteapt  to  calculate  the 
sesi-bcunded  jet  in  the  slipstream  with  downstream  pressure  gradient. 
Ifae  numerical  method  of  the  solution  of  the  pictlem  of  the  turbulent 
semi-bounded  jet  is  described  in  D.  E.  SparJding's  work  [4].  Finally, 
in  the  recently  published  work  cf  Kewman  arc  Gartshore  [5]  is  shown 
the  empirical  method  of  the  scluticn  cf  prcllei. 

Jn  the  present  work  is  set  forth  apprcaimate  integral  method  of 
the  calculation  of  the  turbulent  jets  near  the  wall  in  the  presence 
cf  downstream  pressure  cradient  for  tie  case  when  jet  velocity 
exceeds  the  velocity  of  the  slipstream.  Mettod  is  instituted  on  the 
use  of  the  polynomial  approximation  cf  the  airf cil/profiles  of 
shearing  stress  in  the  near-wall  and  jet-edee  parts  of  the 
semi-bcunded  jet,  semi-empirical  formulas  for  turbulent  friction  and 
twe  integral  relat ienship/ratios. 

Page  35. 

In  this  case,  in  accordance  with  the  approach/approxiaation  of 


I 

I 

( 

I f 
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boundary-layer  theory,  transverse  pressure  gradient  is  set/assuaed 
■ equal  tc  zero. 

Since  the  jets  near  the  nail  include  tie  ccll/eleaents  of 
siaplhr  flows  - boundary  layer  and  free  jet  (Pig.  1),  during  their 
calculation  are  utilized  soue  relaticnship/r atics,  obtained  for  these 
ficus  [6,  7].  At  the  saie  tiue  flow  in  the  near-wall  and  jet-edge 
parts  cf  the  seni-bounded  jet  significantly  differs  fro*  the 
appropriate  boundary-layer  flows  and  free  jet.  This  difference  is 

t 

caused,  aainly,  two  by  facts.  First,  the  boundary  layer  of  the 

, 

seai-bounded  jet  near  tie  wall  is  developed  under  conditions  of 
j increased  turbulence  of  "external"  jet-edge  flew,  in  consequence  of 

which  the  characteristic  cf  the  boundary  layer  near  the  wall  in  its 
external  part  they  differ  scaewhat  frew  the  appropriate 
i characteristics  of  usual  turbulent  boundary  layer  and  approach  the 

appropriate  characteristics  of  turbuleat  beendaxy  layer  with 
increased  turbulence  of  external  flow  [8].  furtheraore,  here  external 

i 

flow  is  not  irrotational,  and  on  the  boundary  cf  wall  boundary  layer 
is  noh  aade  the  equaticn  cf  Bernoulli.  In  the  second  place,  a 

4 

difference  in  the  flows  in  the  jet-edge  part  of  the  seai-bounded  jet 
and  of  usual  syaaetrical  free  jet  lies  in  tic  fact  that  in  the  first 
case  at  the  point  of  aaxiauw  speed  shearing  stress  not  is  equal  to 
xexc  and  the  line  of  aaaiaua  speeds  is  not  flow  line. 


", 
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Within  the  fraaework  of  the  seai-eapir ical  theory  of  turbulence, 
the  first  of  the  differences  indicated  can  he  tc  soae  degree  taken 
into  account  via  the  selection  cf  the  increased  value  of  the  path 
length  cf  wiring  in  the  exterior  of  vail  boundary  layer.  As  concerns 
the  second  difference,  then  the  sexi-ewpirical  theories  of  turbulence 
caxnot  it  consider,  since  of  tbea  follows  the  proportionality  of 
fricticn  stress  the  transverse  gradient  of  the  averaged  velocity, 
i.e.,  at  the  point  of  aaiiaua  speed,  fricticn  stress  is  set/assuaed 
egual  to  aero.  It  is  possible,  however,  to  expect  that  the  noted 
difference  for  real  and  calculated  distributicr s of  shearing  stress 
near  the  pcint  of  the  aaxiaua  speed  (see  Fig.  1),  caused  by  the 
dissyaaetry  of  the  velocity  prefile  abcut  this  point,  it  will  not 
introduce  into  the  calculation  of  essential  errers.  In  fact,  the 
hot>wire  aeasureaents  oi  the  profiles  cf  velccity  and  shearing  stress 
in  flpcded  seai-bounded  jet  [9]  showed  that  in  the  cross  sections  of 
this  jet  the  point  of  the  aaxiaua  speed  was  displaced  relative  to  the 
pcint  zero  value  of  shearing  stress. 


I 
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Pig.  1. 

Key:  (1).  Initial  secticn.  (2).  Basic  section. 

Eage  36. 

In  this  case,  it  peeves  to  te  that  the  sign  of  this  displacement  for 
a jet  in  cccurrent  gradient  flew  depends  oi  the  sign  of  downstream 
pressure  gradient  [ IK  It  is  necessary,  hcnever,  to  note  that  in  all 
enumerated  cases  the  displacement  indicated  is  insignificant. 

thus,  stated  problem  is  formulated  as  follcws.  Let  from 
tangential  slot  by  heigtt/a ltitude  fi0  it  escape/ensue  along  surface 
into  the  slipstream  whose  spend  h4  = «i(jc)  is  assign/prescribed,  the 

semi-bounded  jet  with  the  uriform  initial  velocity  «u> u6 

Re  _ "t!i  ). 

(characteristic  Beynolds  number  v ' Sometimes  can  be 
assign/prescribed  thickness  of  initial  boundary  layer  or  Beynolds 
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number  Re**  = where  C - a momentum  thickness  of  boundary  layer 

V 

in  initial  section.  It  is  required  tc  calculate  the  velocity  profiles 
in  all  cross  sections  atd  skin-f ricticn  distribution  along  flow. 

During  the  solution  cf  problem,  tte  flew  ccnditionall y is 
divided  into  two  sectioc  - initial  and  basic.  luring  the 
assigaed/prescribed  stepped  distribution  of  the  velocity  in  initial 
section  fres  the  place  cf  tte  velocity  profile,  is  foraed  the 
turbulent  zone  of  mixinc.  the  intersection  cf  its  internal  boundary 
with  boundary  layer  edge  which  builds  up  alcng  wall,  determines  the 
leagth  of  the  initial  secticn  (see  Fig.  1)..  Sifce  the  turbulent  zone 
cf  sizing  and  turbulent  boundary  layer  within  tte  liaits  of  initial 
sectipn  are  divided  by  the  range  of  irrcfcational  flow,  they  can  be 
calculated  independently,  the  method  of  calculation  of  the  initial 
section  cf  flat/plane  free  jet  in  cocurrent  gradient  flow  is 
presented  in  work  [|7],  the  parameters  cf  <bccndary  layer  within  the 
liaits  of  initial  section  are  calculated  frea  the  formulas  of  work 
[6J. 


the  transverse  size/dimensions  of  the  zone  of  sizing  and 
irzctaticnal  nucleus  of  flow  within  the  limits  cf  initial  section, 
just  as  the  length  of  initial  secticn,  they  depend  on  the  initial 

ratio  of  velocities  m,  — — , initial  thickness  aj'  and  the  specified 

u» 

distribution  of  velocity  u*(x).  As  showed  the  carried  out  calculations 
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and  experiments,  the  length  cf  initial  secticn  in  the  seni-bounded 
jets  proves  to  be  insignificant;  therefore  the  greatest  practical 
interest  represents  the  calculation  cf  the  basic  section  of  the 
scii-bcunded  jets. 


Buring  the  calculation  of  tasic  secticn,  let  us  consider  that 
cccurrent  flow  irrotaticnal  and,  therefore,  out  of  jet  is  correct 
relationship/ratio  . Integrating  equation  of  notion  talcing 

intc  account  the  equation  of  continuity  across  jet  fron  surface  (y=0) 

y — 

to  point  with  tba  coordinate  which  correspcnds  to  th  ' naxiaun 

« = «m. 

value  of  velocity  ^ we  will  obtain  the  integral  relationship/ratio 


cf  ncaentua/inpulse/pulses  for  the  part  of  the  jet  near  the  wall. 


Page  37. 


The  second  integral  relaticnship/r atio  is  chtained  in  the  aost 
convenient  for  calculations  fom  by  the  nu  3 tip  lication  of  the 
eqeaticns  cf  boundary  layer  by  function  ?(«)  — «»  + «„  — ‘2u  and  the 
subsequent  integration  across  the  exterior  cf  the  jet  from  _y  = to  ^ = 5. 
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/ v j « - «)4v  + «m  | ("«.  - «)  dy  = J (T»  - ' J + (um  Um  - it,,  it'.); 

•i  0 

« * 

| «(«„  — a)  (a  — Ut)  dy  =--  «ij  |«*(am  + H,  2k) 


(1) 


« n 

-fl " S<v- 

'’tfi  ''m 

Here  and  *„  - shearing  stress  on  wall  (y-C)  and  on  the  outer 

d it  dti% 

edge  of  boundary  layer  (v  - *„),  u'n  = , In  = - near  the  nail  Since  a 

quantity  of  unknowns  in  syetea  (1)  exceeds  the  runber  of  equations, 
it  wust  be  suppleaented  fcy  the  dependences,  which  relate  unknown 
values. 


- tt(um  - k)|  dy 


- 


tlhe  part  of  the  jet  near  the  wall.  As  it  was  Mentioned  above, 
such  dependences  can  be  obtained,  exaticing  separately  near-wall 
bcwrdary  layer  and  the  exterior  of  the  seai-bcuEded  jet.  Let  us 
consider  that  in  boundary  layer  coaaunicaticn/ccnnection  between 
shearing  stress  r and  transverse  gradient  cf  velocity  is  deternined 
by  Erandtl’s  foraula 

where  / — the  path  length  of  nixing,  deternined  ty  the 
re  la ticnsh ip/ratio 

0,14 -0.08(1-7,)* -0,06(l—v,)'t 
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the  airfoil/prcf il e cf  sbearirg  stress  let  us  present  in  the 
fcra  cf  polyncaial  according  tc  the  degrees  q: 

n 

i 0 

the  coefficients  cl  tbe  pclynciial  cai  be  found  from  boundary 
ccqditicns  on  the  vail: 


cz 


~=df . p,-n  «i«> 

dy  dx  dy* 


=»  1 , 

T. 


d * __  »,  *P 
dl\  T.  dx  ’ 


Hji,7=°  *1<k  I”0’  «»> 


and  an  the  outer  edge  of  the  boundary  layer  near  the  wall: 


or 


T = viXk  y=zf>" 


= o. 


d * 


*<— 1,  (4<3> 


. o-  dp  c 

A = — -/  , ti  — f.Um  w. 
t m dx  x ' m m 


where 
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Fcr  deternining  the  second  and  third  boundary  conditions  on  wall 
and  the  second  conditior  when  y ~ Severe  used  the  equations  of  notion. 

Thus,  the  coefficients  of  the  pclyEoaial  43)  will  be  expressed 
as  two  dinensionless  paianeters  A and  B.  The  first  of  then  is  connon 
fcr  a boundary-layer  theory,  the  second  is  connected  with  the 
difference  fcr  flow  on  the  cuter  edge  of  the  wall  boundary  layer  of 
jet  fren  the  potential.  If  cn  boundary  layer  edge  is  nade  the 
egnaticn  of  Bernoulli  dp!<lx -\-  ('Umu'm  = 0,  then  as  it  is  clear  fron  equation 
(4b),  the  sun  of  parameters  A*E=0. 

During  the  use  of  all  conditions  indicated  we  will  obtain  for 
deternination  */Tu,  the  pelynenial  of  the  fontth  degree  fron  % 

* = *1)10  ^)|0 +^)(l -f  <4,1)4- VI-  (5a) 

If  we  use  only  two  ccnditions  (4a)  and  one  condition  (4b)  , let 
us  have  a polynomial,  which  depends  cnly  fren  ere  parameter  A: 

*“V(l-*>|l+(1  + /4)i)).  <5&i^) 

Polynomials  (5a,  b)  are  suitable  fcr  the  approximation  of  the 
airfoil/profile  of  shearing  stress  only  at  those  values  of  parameters 
A and  B,  when  ^ >0. In  connection  with  this  it  is  necessary  to  explain 


HOC  m 78103903 


F 16 1 cjl 


V 


th«  range  cf  the  allowed  values  of  these  parameters.  If  flow  on  the 


> cuter  edge  of  layer  is  potential,  then  as  was  Mentioned  above,  A*B=0. 

In  this  case  the  allowed  values  of  tie  paraietei  A nust  exceed  its 
value,  with  which  the  second  [for  a polynomial  (5a)]  or  the  first 


[for  (5b)]  derivatives  cf  */*«,  at  pcint  t|=^i  change  sign.  Hence  it 


follows  that  in  the  case  of  usual  boundary  layer  polynomials  (5a)  and 
(5b)  are  suitable  for  the  approximation  of  the  airfoil/profile  of 
shearing  stress  during  the  measurement  A within  limits  from  -2  to 
infinity. 


From  the  physical  essence  cf  the  phenomenon,  it  follows  that  on 
the  outer  edge  of  the  boundary  layer  A*B^0  NEAR  the  HALL,  i.e.,  B^-A. 
lor  the  flooded  semi-bounded  jet  or  a jet  it  the  slipstream  with  a 
ccfstant  velocity  of  A = G,  E^O.  Another  value  B,  which  limits  the 
range  of  a change  in  this  parameter,  it  is  possible  to  obtain  from 
the  condition  that  in  case  (A-0)  it  ouestict  the  relation  x xw  mast 
net  be  mere  than  unit,  cr  derivative  of  xhm  must  not  have  roots  in 
interval  0< r, < 1.  From  this  ccnditioc  it  follcws  that  with  A-0  the 
allowed  values  of  parameter  B for  polynomial  (5a)  must  be  more  than 
-4.  Thus  the  obtained  approximations  of  the  airfoil/profile  of 
shearing  stress  are  valid  for  a comparatively  narrow  range  of  a 
change  in  parameter  B. 


Eage  39 
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In  connection  with  that  presented  it  is  interesting  to 
determine,  which  value  is  parameter  B fcr  tie  in  practice  encountered 
cases.  The  value  of  paraaeter  B,  designed  according  to  the 
experimental  characterist ics  of  jet  [10]*  ii  tie  case  of 
gradient-free  flow  reaches  values  fici  -1  tc  -1.5  in  the  beginning  of 
lasic  section  and  somewhat  decreases  with  flattening  of  flux.  This 
estimation  confirms  the  applicability  of  tie  obtained  approximation 
cf  the  airfoil/profile  cf  shearing  stress  fcr  the  calculation  of  the 
semi-bounded  jets. 


On  the  basis  of  formulas  (2)  and  (5)  can  he  designed  the 
airfoil/profiles  of  the  defect  of  the  velocity  in  the  turbulent 
nucleus  of  the  boundary  layer  cf  tie  jet 


1 

- "4L~—  = j r,J-  V T/tr  dr\,  U-~=^y 


near  the  wall  on  parameters  I and  B depending.  Is  interesting  to  note 
that  the  relative  velocity  cf  flow  u — u'um, egtal  to 

“ - 1 l (7) 


they  will  characterize  three  parameters:  A*  B and  «,/«„  or  A*  B and 
local  Reynolds  number. 


* -‘TT  - 
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In  inaediate  proxiaity  of  the  rigid  surface  where  the  turbulent 
pulsations  attenuate  and  tic  dciinant  tele  {lays  Molecular  friction, 
fcraula  (2),  and  consequently  also  fcraula  (6)  for  the  velocity 
profile  ceases  to  correspond  to  reality.  Ia  this,  ranges  (viscous 
sublayer)  we  utilize  the  fcraula  for  shearing  stress,  which 
corresponds  to  laainar  flew  * =- 1*  ^ . lith  an  accuracy  to  a snail 
second  order,  the  distribution  of  the  velocities  in  viscous  sublayer 
will  be  expressed  by  the  equality 

— Re , 4 0,5  A Re,  V.  (8) 

where 

Re,--  ■ 

As  for  a usual  boundary  layer,  let  us  consider  that  the  profile 
cf  velocity  of  viscous  sublayer  (8)  transf er/ccnverts  into  the 
turbulent  profile  of  velocity  (7),  when  Reynolds  nuaber,  designed  on 
lccal  velocity  u,  and  distance  frea  wall  i,,  reaches  certain 
critical  value  a2: 

-*/1  - Re? (t ,?  -f- 0,5  A r,?)  - «•,  (9) 

where  t|,  = - r1-,  * ccnstact  which,  on  different  authors's  data,  varies 
within  the  Halts  with  10-12. 


Ifter  equating  the  velocities,  deteraiaed  hy  foraulas  (7)  and 
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(8)  cn  the  boundary  of  viscous  sublayer  v ««  «in  obtain 
ccniunication/connecticr  between  shearing  stress  on  wall  t h and 
thickocss  of  the  boundary  layer  of  the  jet  rear  the  wall: 


~u~~~  la  V\  -+  0,5/1  r|(  + •]»  (A,  B,  *),)]-'. 


(10) 


Fage  90. 


thus,  being  assigned  bj  the  thickness  ratic  of  viscous  sublayer, 
it  is  possible  to  deteriice  fcr  diifecent  values  of  k and  B the  value 
cf  dyaanic  velocity  ux/um  or  skin  fricticn  ccefficient  = 2 («./«„)»,  but 

in  the  profiles  of  velocity  (6)  and  (8)  to  calculate  all  the  integral 
boundary  layer  characteristics 


and  also  C«„, 


/,  - -*■  /-, 

, “m  ~ 

% i 1 + 0.5  A n, 


wbere 


Fo r further  calculations  it  is  necessary  tc  deternine  the  value 
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cf  the  eapirical  constant  of  <r.  With  this  tsrgct/purpose  let  as 
ccnpare  the  calculated  and  eiperinental  distrit utions  of  velocities 
near  nail.  Frcn  the  considerations  cf  siailarit),  it  follows  that 
with  siall  dcwnstreaa  pressure  gradients  in  the  slipstream  the 
velocity  profile  aast  fcc  depicted  as  the  dependence  of  fora 
— =/(  , called,  the  "law  cf  wall".  On  the  ether  hand,  on  the  basis 

of  foxaulas  (2)  and  (9)  it  is  possible  to  write 


cr  at  the  low  valves  of  y,  when  /=-0,4y, 

u , . . _y«, 

— — a — lna-j-ln— ---  . 
a,  1 v 

thus,  for  deteraining  the  constant  a it  is  necessary  to  find 

value  «/«,  or  .y«,/v  ia  the  point  of  intersecticn  cf  the  direct/straight 

— r=-^'-and  experiaental  velocity  profile  in  the  turbulent  part  of  the 

u ( yux\ 

boundary  layer  near  the  wall,  presented  in  the  fora  ■——/(• — I . Such 
constructions,  aade  in  work  [6]  for  a csual  boundary  layer,  showed 
that  the  constant  a can  be  accepted  egual  tc  10-10.5. 

Face  hi. 


Iralogcus  constructions  for  the  jet  near  the  wall  with  the  use  of 
experiaental  data  of  work  [10]  ccnfiraed  the  possibility  of  use  in 
the  jets  of  the  sane  value  a near  the  wall  that  and  for  a usual 
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boundary  layer.  It  turned  out  that  paraaeter  E in  all  range  of  its 
change  does  not  in  practice  affect  the  dist libation  of  the  velocities 
in  iaaediate  proxiaity  cf  vail. 

On  the  given  above  fcriulas  were  carried  cut  the  calculations  of 
the  dependences,  relating  tie  lccal  characteristics  of  the  boundary 
layer  near  the  wall,  necessary  for  the  closing/shorting  of  integral 
relationship/ratios  (1).  Ecr  an  exaaple  Fig.  2,  shows  the  Reynolds 
nuabec  effect  Re"  and  of  parameter  B cj  the  skit  friction  coefficient 
and  the  paraaeter  Hm  in  the  case  of  the  slipstreaa  with  zero 
downstreaa  pressure  gradient  (A=0).  Parameter  E in  all  range  of  its 
change  has  unessential  effect  on  bcundary  layer  characteristics  (not 
aore  than  5-6o/o  for  cf  and  2-3o/c  for  Hn).  Taking  into  account  the 
degree  of  approxiaation  of  the  developed/prccessed  calculation 
aethod,  it  is  possible  tc  disregard  this  effect  and  to  deteraine  all 
the  boundary  layer  characteristics  on  the  assuaption  that  A*B=0. 

Ccapanison  showed  that  the  dependences,  designed  with  the  use  of 
pclynpaials  of  fourth  degree  (5a)  and  cf  sgtare  (5b),  virtually 
ccincide. 


2 . 
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Fig.  2.  polynomial  (5a),  - - polynomial  (5k). 


Page  M2. 

In  connection  with  this  for  the  calculation  of  the  boundary 
layer  near  the  wall  can  be  cs«d  the  inter p c laticn  formulas,  obtained 
in  work  [6]  on  the  basis  gf  approximation  (Sk)  ior  the  usual  boundary 
layers 


( 


EOC  = 78103903 


PIGE  q8 


<7  = c„  [1  + b,f+  c,  («-»-/-  1)|,  c/0  ™ 2c  Re;*-"-"; 


0,001  [6,55-  0,0085  (Ig  Re”  4,4) -|  0,2500  (Ig  Re”  - 4,4)*|; 


b,  --0,2814  - -0,036  Ig  Re*  + 36(lg  Re«)~4 


c,  = 0,1 185  Ig  Re** -0,202; 


d,  = 0.585  - 0,125  Ig  Re”  + 20,4  (Ig  Re*m‘)  , r’; 


Hm  - Hn{  1 - kf)  - 0,019  fet Ig  Re*„ 


H{)~  1,251  -0,0131  lgRe;*-f5,35(lgRe”)-2’K; 


A = 0,28  - 0,034  Ig  Re«  + (0,1  Ig  Re”)", 


there 


« _ Um 


m m 

ju(l-u)dyt  C -J  (\  --u)clyt  um  ^ 


f 4 p ~ Uu  U n &m 

J r Pm  ”3  * ^ 'j  * W 1 

iyo  W/n  * 


Xn  work  [6]  it  was  shown,  that  the  velocity  profiles,  obtained 


co  th6  basis  of  tM  ose  of  approximation  (5b),  tere  close  to 


H j 

exponential  with  iadex  n — — Therefore  for  determining 


cciwuiicati.cn/connecticn  between  im  and  C it  is  possible  to  use 


the  relaticnship/ratio 


,<•  , Hm  — I 

lm  = £_ ® 


HmiHm  + I) 


■he  exterior  of  the  jet.  Fcr  performance  cclculation  of  flow  in 


the  efterior>>Smof  the  semi-bounded  jet,  let  'ce  present  the 


' y 

* ’• 

. ...  s 
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airfoil/profile  of  shearing  stress  in  the  fcri  cf  polynomial  from 
variable  — 7—;"  (see  [7]): 

°m  °l 

x - Vuj  T,j . (15) 

I -0 


The  coefficients  ol  tfce  pclyncaial  let  cs  determine  from  the 
bcmodar;  conditions 


x — 0,  - P («„,  Um  - Ui  «i)  eh  < n y = 8„  (t„  = o, 

j 

X = 0,  * - 0 with  - 8(7,,  - 1). 

is  a result  we  will  obtain 


X = p(um  um  — utu'J  8,  71,(1  -7j1)».  (>'’) 

On  the  other  hand,  according  to  Prandtl's  formula,  in  the 
exterior  of  the  semi-boonded  jet 

, du  (17) 

X = pW,  (l/,„  Ui)  • > 

ifter  eguating  the  right  sides  of  expressions  (16)  and  (17), 
after  integration  and  simple  transformations,  we  will  obtain  the 
expression  of  the  profile  cf  velocity 

« — «»+(«„  — H«)(l  <>VH  Hrrt  3V,),  (18> 

and  also  the  relationship/ratio 
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establish/installing  co mur  icat  icn/ccn nec t i cn  between  «»,  and  6. 


Is  in  the  case  of  ilat/plane  free  turbulect  jet  in  the 
slipstream  with  pressure  gradient  [7],  it  is  ccrstant  * = 0,01. 


(age  43. 


Transformation  of  system  of  eguations.  Thus,  for  performance 
calculation  of  the  flat/plane  semi-fccunded  ;et  we  obtained  three 
differential  eguations:  (1)  and  (19).  He  ccnvert  these  eguations  to 
the  dimensionless  form: 


rfRi'!*  i Re"  h -i-i  (u  —ur)1  — — 

77  2 R,’""’r/  ulKT-  I ,2*  ; 

U,.n\  v2x(um-uVl-  X - 5a  -5==«S  §_M; 

rf*  Hm  wj>l  v «*  «0  V 


™ 12  x W"J~  llt 


«*>!  — *,  "*  *», 


where 


# 0,1034  «„-0,0426at  _ 

' 0,05.35  a.  | 0,0608  a*  ’ ? 


0,0680  «„  -4  0,0462  u% 
6,0535  um  10,0008  «, 


Thus,  the  problem  cf  tie  calculation  cf  the  flat/plane 
semi-bcunded  jet  is  reduced  to  the  solution  of  the  system  of  three 


*•  ■*-  '*  'ft  . 

: * / 
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differential  equations  420),  solved  relative  tc  derivatives  of  three 

unknown  functions.  Those  entering  the  system  of  equations  of  value 

c,  and  H„  are  expressed  as  the  urknown  functions  with  the  aid  of 

formulas  (12)  and  (13).  In  the  general  case  the  system  of  equations 

on  the. 

(20)  dan  be  solved  nunecically  by_-a  computer.  In  this  case,  they  oust 

U o 

be  assign/prescribed  Reynolds  n uniter  Re  = — , the  dependence  of  the 
velocity  of  external  flew  in  cn  the  lcngitodiral  coordinate  x and 

the  characteristic  of  jet  ic  initial  section  with  x — x„: 

11  m 11  m 5|  = 8,  H(  R *=•  Rem  H- 

fhe  distinctive  special  feature/peculiarity  of  the  system  of 
differential  equations  (20)  is  that  that  the  parameters  of  the 
exterior  of  the  jet  6t  and  nm  can  he  fcunc  independent  of  the 
parameters  of  its  part  near  the  wall.  This  fact  is  caused  by  the 
special  selection  of  second  integral  relat icnsh ip/ratio  (1).  Thus, 
for  the  calculation  of  the  exterior  cf  the  seai-bounded  jet  on  its 
tasic  section  nay  be  used  the  known  solutions  cf  the  problem  of  the 
propagation  of  free  turbulent  jet  in  the  slipstream  with  downstream 
pressure  gradient.  This  conclusion  does  not  contradict  the  available 
experimental  data. 

Comparison  of  the  results  of  calculation  and  experiment.  The 
comparison  of  the  data  cf  calculation  and  experiment  for  the 
semi-fecunded  jet  hinder/hampered  by  the  ambiguity  of  flow  conditions 
in  the  boundary  layer  near  the  wall  - here  with  comparatively  small 
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Beynclds  quabers  flow  can  be  laminar  not  only  within  the  Units  of 
viscoas  sublayer,  but  alsc  in  an  entire  part  of  jet  [11]  near  the 
wall.  Let  us  give  the  results  cf  this  ccapaiiscr  for  the  flooded  jets 
near  the  wall  and  the  jets  near  the  wall  it  cccurrent  gradient-free 
(Fig.  3)  and  gradient  (fig.  9 and  5)  flows.  In  ell  cases  the  results 
cf  the  calculation  cf  velocity  and  cf  the  transverse 

size/diaensions  of  jet  $l;2  and  ?‘m  sufficiently  satisfactorily  will 
agree  with  experimental  date. 


As  concerns  the  ccapariscn  cf  the  calculated  and  experiaental 
values  cf  local  skin  fricticn  coefficient,  it  is  here  necessary  to 
ncte  following.  The  experiaental  values  c,  at  the  fixed  values  of 
Fcynoids  nuaber  for  the  gradient-f ree  jets  ceac  the  wall,  according 
tc  different  investigations,  it  is  disaantled  approxiaately  to 
i0-25p/o,  the  high  values  rf  corresponding  tc  the  flooded  jets  less 
- tc  jets  in  slipstream  [10]- 
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fcnula  [10];  7 - io=0,  calculation  of  Glaucrt  [10];  8 - calculation 
according  to  proposed  Method. 

Fage  45. 

Fig.  6,  gives  calculated  dependence  * c,(Re"),/B  - to  the 

I <K.  lO  of  friction  fcr  a flat/plane  plate,  and  experinental  data 

for  the  flooded  jet  (experiences  in  the  authors  of  present  article 
and  K.  A.  Eochkinoy)  near  the  vail  and  the  jet  in  the  slipstrean 
(experiences  in  niccl  [5]).  Here  convergence  should  consider 
satisfactory. 

On  the  lover  curve/graph  Fig.  6,  are  ccapaied  calculated  and 
experiiental  dependences  0/(Rem)  for  flooded  jets^Rem  j.  Kear  the 

vail  Here  is  detected  disagreenent  indicate*  ahcve.  In  this  case, 
experiences  in  the  authors  and  K.  A.  Pcchkircy  satisfactorily  vill 
agree  vith  the  results  of  calculation. 

thus,  the  Method  presented  Makes  it  pcssihle  to  calculate  the 
flat/flane  turbulent  seii-kcundcd  jet  fcr  all  its  extent/elongation 
frca  nczzle  exit  secticr  to  its  degeneration  into  the  usual  boundary 
layer  vhea  “m  ..  |,  or,  in  the  case  of  diffuser  slipstrean,  before  the 

Ub 

sectipn  vhere  occurs  flcv  breakavay,  i.e.,  cy— 0.  ihis  aethod  easily  is 
spread  to  the  case  of  the  axisyaaetric  jet  sear  the  vail  on  body  of 
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revclutici)  or  in  the  vails  cf  axisyaaetric  channel,  and  also  to  the 
case  of  the  radial  jet  near  the  vail. 
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lace  46. 

CI1C0IATI0N  EY  THE  METHCD  M C NTE-C  A F LC  OF  IE1T  FIOW  BETWEEN  PARALLEL 
ELITES  IN  THE  RAREFIEC  GAS. 

V.  2.  Vlasov. 

lith  the  aid  of  computers  is  desicned  the  teat  flow  in  the 
relations  cf  the  teaperatures  cf  plates  9=1.5;  t;  16;  100  and 
Knudsen's  makers  Kn=0.2;  0.5;  2;  10.  Tie  acdel  of  aolecules  - 
elastic  spheres  whose  section  is  inversely  propcrtional  to  relative 
velocity  before  the  collision.  For  such  aolecules,  as  for  Maxwellian, 
the  viscosity  of  gas  is  proportional  to  teiperature.  Method  consists 
in  the  perforaing  of  the  randca  wanderings  cf  ere  test  aolecule  aacng 
field  aclccules,  ainiially  necessary  quantity  cf  which  it 
rendex/shoved  egual  to  apprexiaately  IQO/Kn.  Jo  each  saall  geoaetric 
cell  aas  aeaorized  the  field  aclecalar  velccity  which  was  changed 
according  to  the  specific  role,  which  provided  the  representation  of 
an  entire  distribution  function.  Are  given  the  density  profiles  and 
teapexature. 


The  proposed  in  article  aethod  is  the  developaent  of  the  aethod 
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cf  Bonte-Carlo,  described  ic  necks  [1]  and  £2].  During  the  use  of 
this  Method,  is  outlined  the  icticn  cf  cqe  Molecule  during  the 
fuqct|cn  of  distributicc  leacrized  iron  the  preceding/previous 
iterations  The  essential  def icienc y/lack,  vtich  Units  its 
application/use,  is  the  large  capacity  cf  'accessary  Machine  storage, 
siqce  distribution  function  depends  cn  seveial  variables.  In  the  work 
cf  author  [3J  is  suggested  the  improvement,  which  allows  in  each 
gecaetric  cell  instead  cf  distributicn  functicc  to  nenorize  the 
velocity  of  one  molecule.  This  Method  was  illustrated  by  the  flow 

construction  of  heat  between  plates  with  the  relation  of  the 

T 

tenperatures  of  plates  j- •“  4 and  Knudsen'r  nuwber  Kn=0.5.  However, 

as  a result  of  insufficient  correct  Method  of  the  selection  of  the 
aencrized  velocities  in  practical  calculation  it  was  necessary  in 
each  geometric  cell  to  acidize  as  the  tieiiua  cf  7 velocities.  In 
this  article  is  examined  the  method,  by  which  this  incorrectness  of 
the  selection  of  molecules  is  reaoved  and  ir  each  geometric  cell 
(layer)  is  memorized  in  acccracy/piecisioa  cne  Molecular  velocity. 
Eethod  of  applying  the  tenperatures  of  plates  (from  1.5  to  100)  and 
cf  Knwdsen's  numbers  (fica  0.2  to  10). 


Page  17. 
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let  us  assuie  that  the  acnatoaic  gas,  included  between  parallel 
planes,  consists  of  the  aclecules,  which  interact  in  such  a way  that 


a)  the  coaplete  effective  collision  cr css-section  of  two 
aolecales  with  speeds  E ard  e*  is  equal 


where  s„  = const  and  £=|E  — 5, 

tefcre  the  ccllisicn; 


(1) 


- relative  velocity  of  the  aolecules 


b)  the  velocities  cf  aclecules  after  ccllision  can  be  defined 
what  velocities  of  the  elastic  spleres: 


E'  - 0,5 (H-  E,  + ge),  E,'  = 0,5  (f  + Z,  - ge),  (2) 

where  e - the  randoe  vector,  evenly  distributed  an  the  surface  of 
single  sphere. 


Jn  order  to  eiplain  the  physical  ccntcrt  cf  this  aodel  of 
interaclecular  interaction,  let  us  give  the  coefficient  of  the 
viscosity  cf  this  gas,  obtained  according  tc  Cbapaan-Bnskog's  nethod: 


(3) 


where  k - Boltzaann  constant,  T - teaperatvre  cf  gas.  Since  the 
coefflcieqt  of  viscosity  is  proportional  tc  tesperature,  then  the 
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[ic[ cse d acdel  of  nolectiles  is  analcgocs  Heivellian  and  it  it  is 
possible  tc  call/naie  t be  acdel  cf  Raxwellian  spheres. 

let  as  designate  tie  tcipeiatcre  of  tie  hct  and  cold  plates 
through  T j and  T2r  the  tuaerical  density  of  the  gas  through  n, 
average  density  — n 0#  the  velocity  distri<batioo  function  of  nolecules 
- /(•*.  =),  the  distance  between  plates  - d,.  let  cs  assuae  that  axis  x 

is  pexpendicular  to  plates.  Space  tetween  planes  let  us  break  into  N 
cf  narrow  layers  with  a thickness  cf  h=d/N.  The  parameters  of  gas 
kithio  layer  let  us  consider  constants.  Mitt  the  aid  of  conputers  we 
design  the  notion  of  one  test  nclccule  agaicst  the  background  of 
field  nclecules.  The  collision  rate  cf  nolccvle  f is  equal  to 

i.e.  for  the  ncdel  of  ncleccles  accepted  it  does  not  depend  on 
digtributicn  function. 

Cage  48. 

the  probability  of  colliding  the  molecule  within  layer  is  equal 

3 nh 

to  . let  us  assuae  that  the  test  noleculc  aust  clash  in  this 

layer  with  sene  field  sclcccle  Then  velocity  aust  be  selected 
in  accordance  with  probability  density 

3g/(*i>  __ZM  (5) 

JVCT  n 


V-r*  •y~  !..  ../»( 
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jo  order  to  nanage  wittcut  itself  the  jescrization  of  the 
function  of  distribution  /(t),  let  «s  rote  fcllcwing.  Probability  that 
the  iflccule,  entering  the  layer,  las  velocity  1,  is  proportional  to 

value  |f,|/(t).  Probability  ttat  the  aclccule,  vhich  collides  in  layer, 

— ► 

has  velocity  £,  is  prcpcrt icnal  tc  value 

— ► 

I Vr  \f  (^)  3u  _ f/t\  /,•! 


Ccsparing  expressions  (5)  and  (6)  we  see  ttat  it  is  possible  to 
enter  as  fellows:  during  each  collision  of  test  solecule  tc 
■eaorize  its  velocity  in  tte  appropriate  layer,  and  as  velocity 
for  ffraula  (2)  to  take  tte  velocity,  aenoiizcd  during  the 
preced ing/previous  collisicr  in  this  layer.  Tbrs,  in  each  geosetric 
cell  instead  of  distribution  function  it  is  necessary  to  aesorize  the 
density  of  gas  and  the  velocity  of  the  clashing  solecule. 


tensity  field  is  previcusly  uikncvr;  tiers  fore  calculation  we 
conduct  according  to  iterations.  As  initial  appzoach/approxiaation  we 
take  free  sclecular  state  of  the  gas.  Beflecticr  of  nolecules  froa 
wall  diffuse  with  the  tespeiatsre  cf  wall.  Xnudsen's  nuaber 

■ 4s,r 
Kn-  ’ 

where  s - iclecular  aass,  p„  — ntk  y T\  T.t  - preassre  gas  in  free 


f 


I 

i 
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iclecvlar  state. 


Besults  of  calculation. 


1 


tc  the  relation  of  the  temperatures  of  plates  9= Tt/T2  during  the 
variation  of  the  parameters  mere  given  values  tj  1.5;  4;  16  and  100, 
but  to  Knudsen's  number  value  0.2;  0.5;  2 and  1C.  Table  gives  the 
flew  values  of  the  heat  q„  in  reference  tc  value  g0  in  free 
vclecvlar  state  of  the  gas: 


through  qt  is  designated  the  beat  flow,  designed  with  the 
valorization  of  2000  velocities  of  field  aclecnles,  g2-  with  the 
■eacrization  of  500  velocities,  g3  - a precise  value  of  heat  flow  for 
acdel  kinetic  eguation  [4,  5],  g4  - heat  flea  it  the 

apprcach/approxiaation  cf  Ha vier-Stokes  with  tevperature  jump  on  wall 
[4].  For  g,  and  q2  are  sbowc  the  error  bounds. 

Page  *9. 

As  can  be  seen  frov  table,  numerical  results  will  agree  well 
with  the  data  of  tie  exact  solution  of  aodel  egcation,  and  for  the 
■ederate  values  0 and  Kn  and  with  results  in  the 
approach/approxiaation  cf  levier-Stckes. 
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lig.  1 and  2,  con  part  the  density  prefiles  and  tenperature  of  i 

gas  foe  the  calculation  conducted  and  for  tie  equations  of  nav'ye  - 
St  ekes  with  6-1.5  and  Kn  = 0.2and  0.5. 

I 

< 

fig.  3-8,  gives  the  decsity  profiles  and  tenperature  for  the 
renaioing  calculated  cases.  It  was  reveal/detected  that  for  this  j 

prctlen  of  iteration  they  ccnvcrge  very  rapidly.  With  0=1.5  all 

I 

iterations,  beginning  vitb  the  first,  they  differed  only  in  terns  of 
raydon  fluctuations.  With  6-U  and  16  virtually  coincided  the 

iterations,  beginning  vitfa  the  second,  and  for  6=100  - with  the  \ 

third.  i 
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— err~ 

1 1 pn  im  T140 
■ oficKiiiaH"- 

1 

Bcim'ihmu 

i 11  m n iioioKa 

| Kn-0,2 

| Kn  — 0,5 

t.‘, 

<h 

0,44+0,01 

0,63+0.01 

‘It 

0,41 

0,62 

! , 

0,48  1 0,01 

0,66+0,01 

1 

, 

0.47+0.01 

j 0.67+0,01 

| 1-. 

0,50 

0,70 

i "* 

0.53 

0,73 

1 | 

I ih 

0,66+0.01 

0,60+0,01 

10 

<h 

0,66+0.01 

0,70 J 0,01 

0.6« 

| 

0,82 

<h 

1.24+0,03 

1.1440.02 

1 00 

<h 

1.2040,03 

1 .144  0,02 

<h 

1.25 

1 

1 , 18 

fv 


K11  2 

1 Kn— 10 

0,86  4 0.01 

! 0.96+0,01 

0.8640,02 

0, 96±0.02 

0,87 

0,97 

i 

0,03|  0,0| 

0,99+0,01 

0,95+0,01 

0,994  0,02 

0,94 

0,99 

1 ,05+0,01 

1 ,02  i 0,01 

1.05  40,01 

1 .02  1 0,02 

1.07 

1 ,02 

Key:  (1).  Adopted  designations  of  beat  flow.  (2).  Flow  values  of 
beat. 


114.  2. 

Key:  (1).  Bcnte-Carlo.  (2).  Bavier-Stokes. 
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fig-  7.  fig.  8. 
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lith  6=  1 04  attempts  at  the  calculation  by  this  aethod  failed.  Gradual 
deterioration  in  the  ccrvetgence  with  an  increase  in  the  relation  of 
the  temperatures  of  plates  is  connected  with  the  increase  of  the  role 
cf  the  rare  molecules,  which  fly  off  frem  het  plate  at  small  angles 
to  itj  The  minimum  guantity  of  memorized  molecular  velocities, 
necessary  for  accuracy/precision  2-3c/c,  reeder/showed  equal  to 
approximately  100/Kn. 
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INTERACTION  OF  FAST  PARTICLES  ilTH  SCLID  SliFACE. 

A.  I.  Yerofeyev. 

is  examined  interaction  of  the  at c n of  ga$  with  linear  haraonic 
cscillator  and  interaction  cf  the  ate  a of  gas  «ith  solid  surface, 
keen  siaulated  by  the  s< ai- inf irite  lattice  of  the  elastic  connected 
atcas.  Assuaing  that  the  tiae  of  interaction  is  saall  in  coaparison 
with  the  period  of  oscillaticn  of  cscillatcz  cz  in  coaparison  with 
tie  characteristic  tiae  of  the  fluctuation  cf  atoa  in  lattice,  for 
the  solution  of  pnoblea,  is  used  tie  aethod  cf  the  asyaptotic  spliced 
expansions.  The  obtained  results  fer  the  acccaacdation  coefficient  of 
energy  are  coapared  with  the  results  of  the  nuacrical  solution  of 
yrcbleas.  Is  obtained  the  asyaptotic  estiaation  of  the  applicability 
cf  assuaption  about  the  single  ccllisicn  of  the  atoa  of  gas  with 
cscillator  and  with  surface  atca. 


is  examined  interacticr  of  the  atca  of  gas  with  the  atoa. 
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elastic  that  connected  *ith  its  pcsiticc  of  eguilibriua  (linear 
hacicoic  oscillator),  ard  irteraction  of  the  atci  of  gas  with  solid 
surface,  been  simulated  ty  the  seai-inf inite  lattice  of  the  elastic 
connected  atcas.  By  the  force  of  assuapticn  afccwt  the  fact  that  the 
characteristic  tiae  of  interaction  is  stall  in  ccaparison  with  the 
characteristic  tiae  of  the  fluctuation  of  oscillator  or  Surface  atoa, 
for  the  solution  of  protlei,  is  used  the  aetbcd  of  the  asyaptotic 
spliced  expansions.  Analogocs  aethcd  was  applied  in  work  [1]  for  the 
solution  of  the  profclei  cf  cooperating  the  atca  of  gas  with  the 
linear  array  of  the  elastic  connected  atoas.  The  aethods  of 
pectuctaticn  theory  were  applied  also  in  works  [2],  [3].  However, 
aethod  of  operation  [3]  in  the  case  high  velocities  of  the  atoa  of 
gas,  is  valid,  when  the  ratio  cf  the  lasses  cf  the  atoa  of  gas  and 
atca  pf  lattice  \r* 0,  in  wcrhs  [1]  [2]  strict  estiaation  of  the 
applicability  of  aethods  given. 

In  the  present  work  is  obtained  the  asjiptctic  estiaation  of  the 
applicability  of  assuapticn  about  the  giggle  collision  of  the  atoa  of 
gas  with  oscillator  or  vith  surface  atca.  lie  ettained  results  for 
the  accoaaodation  coefficient  of  energy  arc  ccapared  with  the  results 
cf  thC  nuaerical  scluticn  of  picbleis. 
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§1.  Interaction  with  hacncnic  oscillator. 

let  us  exanine  interaction  of  the  atoi  of  gas  of  nass  n with  the 
atcn  of  solid  body  of  nass  R.  The  atcn  cf  bcdy  is  represented  by 
baracnic  oscillator.  The  force  of  interacticn  between  atons  let  us 
describe  by  the  potential  cf  the  repulsion 

U(r)  — De~ar,  (1.1) 

wliere  r - distance  between  particles  a,  D - parameters. 

Equations  of  notice  take  the  fern  (Fic.  1): 

otx,  aDa~<,u'~jr,) ; Mx2  - f-  *jc2  — — aDe  a{x' 

the  initial  conditions: 

xt(—  <x>)  =r  — V0\  (— oc)  = i,(— oo)  — 0. 

Vine  t=—  corresponds  to  the  state  of  systen  before  interaction, 
T* - to  a state  at  the  terninaticn  of  interaction.  Let  us  introduce 
the  characteristic  linear  dinensiot  i-  1/a  and  cfcaracterist ic  tine 
r*  1/a l»0.  Otilizing  these  talnes  for  naling  dine nsionless  of  systen, 

ne  obtain  t=~aVtt,  x*=ax, 

xx-te-'*>-*'\  x%  + ***,  ~*  — »*«e— jr, ( <»)■= -I;  l(1 
.t?(-oo)  = jc,(  -so)  = 0.  I 


In  agnations  (1.2*) 
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x 

M 
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um  - natural  frequency  cf  cscillatcr. 


let  us  exaaine  the  case  alen  k*«1.  Pb]sically  this  aeans  that 
tie  characteristic  tiae  cf  interacticn  r^KM/alu,  is  saall  in 
cc apaxisoq  with  the  period  cf  oscillation  cf  atca  H (T=2 »/«„).  Let  us 
search  for  the  solution  of  systea  (1.2*)  in  the  fora 

x,  = x0  + k*  xu  k*xxi  4-  . . . ; x2  — xin  \ k2  x,x -\  k{  x2i-\- . . . (1.4) 


V 
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Substituting  <1.4)  and  (1.2')  and  equatincs  the  coefficients  of 
th«  identical  degrees  of  k,  we  have: 


in  the  first  appro liaaticn , 

x]t  — s r1'"— '*• , X'iq  ~ : 


(1.5) 


4 


in  the  second  approach/approxisaticn 

Xn  — — * (jc,,  — A'j |),  xix  -f  xit  — 

— - U»-  Jr~>(jC4,  — *2,). 


(1.5') 


and  so  forth.  Initial  conditions  let  us  write  it  the  fora 

jc)t  ( — oo)  = — I ; *M(-  oo)'- 0;  xv(—  oo)  - x,j  (— =»  0; 

(/-  1,  2.  . . , , J = 0.  1,  2 . . .).  (1  »1) 

is  it  will  be  shown  further,  the  selection  of  initial  conditions 
in  the  fort  (1.6)  prowices  the  unicu  that  obtained  froa  (1.5) 
solution  with  solution  cn  other  tite/teaporar y scale  (connected  with 


4*--  . y . ■* 

. .. . f 
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It  is  net  difficult  to  see  that  th€  systen  of  equations  (1.5*) 
describes  interaction  of  free  particles.  utili2ing  initial  conditions 

frci  ( 1.6)  m«  obtain: 

2 l I 

•*'«  (0  — II,.  1 4-  P-i  ~~ 1 ; \ 


•*2<>  (0  = - 


1+1*  1 + 

2|X  1 


1+1*  H r'  ’ 


*«o(0=—  1^-|n<1  + «'); 
•*io(0  = y^Ml  +•«')-*  + In  8 

.eH-— «=  aTiTi^T sch*  (t)  • 


■ ith  t+-  x 1 0=  1-p/l •*■»*,  x20=-2p/1  + |i.  Substituting  solution  (1.7) 
in  (1.5"),  ue  obtain  with  t-»-: 


•*ii  (0  — 


(1+rt*  3 

2[i  / 1 — (x  it’ 


-*21  (0 : 


2[i  / I - |i  it1  t*\ 

Xi'(t) = t+7  \T+ijr  T +2j' 
I1  / 1 - ^ «a  , , , j*  2(j 

-|*  i 1+1*  6 6 + 1-f 

•*u  (0  = (fqr^y.  (x * ~ 2C  ) ■ 


vbera 


c-£+f<-ir'^  + »£,-ir'  1 ±]  . 

<1  = 1 «=l  l-l 
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Solution  xtt(t),  Xj|  (t),  x„(t),  x*i  (t)  fee  any  aoaent  of  tiae 
we  do  not  extract  due  tc  tleir  ur wie Id i cess . let  us  note  just  in  the 
seccnd  apprcach/approxiiaticn  cf  ccordicatc  and  velocity  they  vanish 
exponentially  with  t-)-«. 


Eace  55. 


let  ns  show  that  the  paxticle  speed  in  the  third 

approach/approxiaa tion  with  t-)«  can  he  obtained  that  without  solving 
equation  (1.5)  for  this  appicach/approxiaaticn.  Let  us  examine  the 
law  of  conservation  of  the  energy: 


~ 4-  ^ (iJ,  +■  xl)  + De 


m Vl 


or  in  a diwensionless  fora 


x\  + -i-  (xl  -f  k 2 x])  f 2 = l . 


(HO') 


Substituting  here  expansion  (1.4)  and  equalizing  the 
ccefficieqts  of  th;e  idertical  degrees  of  k,  we  will  obtain: 


for  the  first  apprexiaatien 


Jt?a  -( — jc^o  -h  — 1 ; 


(HD 


for  the  aacoxd  apprcach/ap proiiaatioa 

I 

2-«ii  -*i«  +-  — (2**,  *»  + *») 0 (111') 
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and  sp  forth.  But  with  t-*«  frcn  (1-7)  we  have  £ exp  - (xto-x2O)*0 
as  e Then  in  relationsbip/ratics  (1.11).  for  the  n-'t-K 
approach/aFproxination  retain  only  teres  x,„  atd  x2„.  The  second 
equation,  which  relates  x,  and  Xm  , cm  be  obtained  by  the 
integration  of  equations  cf  lotion  (1.5),  and  tbis  equation  also  is 
net  included  values  xlH  and  x,„.  This  takes  it  possible  to  detersine 
xlH  had  Xtn  with  t without  solving  systes  (1.5)  in  the  n 
appxosch/apprexisation,  using  results  (n-l)-tb  cf 
approach/approxiaation. 


Itilizing  the  described  procedure  for  obtaining  the  third 
approach/approxisation,  we  obtain  finally  for  velocities  xt,  x2  with 
t4-s 


1 — ji  2ji  it2 

*1  (0  - 1 _|_f  + *' fl+VP  T “ *' 

16(i 2 4(i  1 

1 (i-Hi)’ C| + mw  u 


4.1  7it« 


+ 


2(»  2u  / 1— (i  k2  t * \ 

**(<)—-  t+|T+*'  ^ 

M V 7v*  8,1*  (1  -p)„ 

* (l  + ,i)s  3('i0  (II  it)2  C|  ’ 

4 1*1  2^(1  -p)  k*  * <*1, 

(1+1*)*  ' (1  +«*)»  12  l-f»*  24  | 1 • • - 


(1.12) 


where  C by  specific  relationship  (1.9),  and 

C,  — 4,84387  + 0,00023. 


(112) 
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let  us  exaaine  noi  the  solutions  cf  ecuaticns  (1.2)  on  other 
scale  cf  tlae(  connected  titb  u0  (exterior),  let  us  introduce 
t*=ut7—kt,  x*^k*x.  then  (1.2*)  it  is  rewritten  in  the  fora 


a a 


te 


. . 

*\-xt 


xi  + *i  * »»«  e 


(113) 
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lith  k^-)0,  we  obtain: 

•<*  = 0;  xi  + x]  = 0, 


(114) 


whence 

= const;  x]  =«  A*  slnr*  + B*  cos  t*.  (115) 

Solution  (1.15)  is  correct  with  an  accuracy  to  any  degree  of 
paraaeter  k,  and  this  feet  siaplifies  the  srico  of  solutions  for 
internal  and  exteriors. 

Buriqg  description  by  eguations  (1.14)  of  particle  notion  before 
interaction  we  have  followirg  initial  conditions  for  the  oscillator: 


EOC 
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***(  -•)  =x*2  (-“)  = 0.  Then  A«=E*=0  } and  solution  (1.15)  is  spliced 
«ith  the  solution  of  problem  fot  interior  (in  alternating/variable  x , 
t) which  follows  from  (1.7)  and  tendency  toward  jero  coordinates  and 
velocities  in  the  second  ap proach/apprcxiaaticr  with  t-^-**.  For 
deteriinii)g  the  coefficients  of  1 and  E in  the  termination  of 
interaction,  let  us  rewrite  (1.15)  in  the  variables  x,  t: 


x,  — const;  xt  = A sin  (kt)  4 H cos  ( kt ). 


0.15') 


lith  fixed/recorded  t and  k-)0  we  have  for  second  equation 


<1-15«) 


x.~A 


l"-T 


+ •••  +B  ‘--2—  + •••  • (1.16) 


Comparing  now  (1.16)  with  (1.7)  and  (1.8)  (with  t-f“  for 
interior),  we  will  obtain 


At  — — — |_*»  . 

Ill*  1 +|*  b 

4u2 

H—*‘  (i+S*'c+  • ■ 


(1  17) 


thus,  the  sethod  of  nnited  asyatctic  expansions  makes  it 
possible  tc  describe  the  motion  of  the  interacting  particles  both  in 
the  zene  of  interaction  and  before  and  after  interaction.  From  (1.15) 
it  fellows  also  that  the  solution  of  interral  problem  for  incident 
particles  is  correct  in  exterior. 


The  described  calculation  procedure  is  used  when  the  impinging 
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atci  experience/tests  crly  cue  collision  with  oscillator.  This  iteans 
that  at  the  terainaticn  of  the  first  ccllisicy  the  interatoaic 
distance  of  gas  and  the  oscillator  aust  be  is  sufficiently  great  so 
that  interacting  strength  would  be  negligible,  lhe  criterion  of 
siallcess  can  be  selected  ftca  following  considerations.  Kinetic 
energy  of  the  e ait  ted  atoa  with  t-^«°  in  the  first  approxiaatioa , is 
egaal  to  ^ ^ ^ ) Vg;  potential  interaction  energy  u - . 

let  us  reqnire  so  that  in  tie  exteiior  value  u.  would  be  order  6, 
where  6-  low  value.  The  obtained  above  solution  is  correct  with  1(40. 
If  we  in  the  solution  ace  restricted  to  the  first  tern  of  expansion, 
i . e. , to  disregard  teras  »k*#  then  also  the  paraaeter  6 must  be  value 
-k*.  Generally  speaking,  the  paraaeter  6 asst  be  of  the  order  of  the 
value  of  the  re jeet/threwn  teras. 

Page  57. 


for  the  first  apprexiaatien  we  have: 


(1.18) 


whence 


free  soletioe  f 


•0  + l»> 


late 


1-1*  . 2p  Vt 

-tt — t V%  -f-  -t—  — sin  ®„  t. 

I4p  l+p  «o 


(i.i;*) 


•2 
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Time  t which  the  distance  between  particles  is  ainisal,  let  us 
find,  equalizing  zero  derivative  (1.19)  on  t: 

I — |i  2|i 

Tfjr  + 7+jT cos  “*•  * *"  °-  (12,)) 

frca  (1.18)  and  (1.19)  we  obtain: 


l+t*  k 


!iL  -L 

u 1 


% sin  *»„7 
1 +|»  k 


4(1  -M 
*•(1  1 0r 


(1.21) 


After  introducing  designations  u0t =*,  instead  of  (1.20)  and 
(1.21)  we  will  obtain  tie  following  equations; 


. 1 +l‘  , 4 (I  4- 1‘)  . 

T^T  ,nl»'iT=5P'  ■* 


1 — |i 

cos?  (1.22) 


Since  appears  itself  tie  first  aicinui  cf  function  x^-x*,  then  # 
lie/rests  within  liiits  »<H<3/2».  with  k-^0  we  have: 


<f  “ tg  <f , —a 


it  is  logical  that  eguaticns  (1.23)  coincide  with  the  equations, 
Obtained  in  supposition,  that  interaction  between  particles  is 
described  by  the  sodel  cf  solid  sphere.  Fees  (1.23)  we  obtain,  that 
the  assumption  about  sirgle  collision  is  ccirect  when  p$0. 697*. 


FCCINOTE  ».  this  result  and  relaticnship/ratics  (1.23)  are  obtained 
also  in  work  [7].  ERDF0C1I01E. 
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Taking  into  account  (1.22)  cr  bolding  in  (1.19)  the  aeabers  of  higher 
order  cn  k#  we  will  obtain  that  supposition  about  single  collision  is 
correct  with  p^0.69746l#  aoieover  with  k-^0.  Then  inequality 

»j<0.697  gives  strict  asyaptctic  estination  of  tie  applicability  of 
netted  presented  above. 


Let  us  use  the  non  obtained  results  to  the  calculation  of  the 
acccaacdation  coefficient  cl  energy*  which  let  cs  determine  in  the 
following  nanner. 


Er-Er 

E, 


(1.24) 


where  £ f-  - energy  of  the  ate*  of  gas  on  and  after  interaction  with 
oscillator*  or 

. _ 1 _ 0-24') 
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Substituting  here  (1. 12)*  we  obtain: 


+ 


4p 

_ (Hi*)* 


1-t* 

'l+i* 


8|*(1  — p)  r , 1-1*  «* 
(1  +*)•  + 1+V  36 


H*  [ - J-ZJL 
[l  (1 +I*)1 

4|»  v4 
(l+l*)2  36 


(125) 
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kith  |i}0  we  have: 


Big.  2,  depicts  the  results  oi  calculations  a,  according  to 
fcraula  (1.25)  and  the  results  of  numerical  calculations  for  p=0.11 
and  0*5  [1  - first  apprexiaation,  the  first  ten  (1.25);  2 - second 
approach/approxiaation,  yes  the  first  cf  tera  (1.25);  3 - third 

£ 

apprcach/approxiaation;  4 - nuaerical  calculation ].  Instead  of  k is 
here  introduced  another  paraaeter: 


m V tt_ 

2x7*  “ 2a2  k‘  ’ 


(1-7) 


where  X * certain  characteristic  linear  diaeasicn  (i= 10'*  ci), 
T*al=2.6. 


Ccaparison  shows  that  aith  p*0. 11  for  aula  (1.25)  will  agree  well 
with  cuaerical  results  when  K2s*o,l  (that  it  cccresponds  k*<0.  1 ) , with 
p=C.5  the  agreeaent  soaewhat  is  worse,  what,  apparently,  is 
ccaneoted,  on  one  hand,  with  the  ipsuf f leient  naaber  of 
approheh/approxinations,  and  on  the  ether  hand  - with  the 
disturhancc/breakdown  of  assuapticn  about  single  collision.  The 
realisation  of  the  seccnd  possibility,  indicates  the  tendency  toward 
a change  of  the  liait  of  the  applicability  cf  assunption  about  single 
collision  to  the  side  of  the  saaller  values  n with  increase  in  k 

during  estination  according  to  the  first  apprexiaation  of  expansion 

(1.4),  see  (1.22). 
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Page  59. 

§2.  Interaction  of  the  etcn  of  gas  with  solid  surface. 

Let  i] e exaaine  now  interaction  of  the  atca  of  gas  with  solid 
surface  in  setting  [4],  i.e.,  cc  tie  assumption  that  solid  body  is 
simulated  by  the  siaple  cubic  lattice  atoas  in  which  are  connected  by 
elastic  central  aqd  noncentral  forces  with  constant  elasticity  x 
and  \x  respectively,  but  the  aton  of  gas  neves  along  the  noreal  to 
surface  and  it  interacts  cnly  with  cne  atci  cf  surface,  with  inpact 
paraneter  p-0  (Fig.  3).  Interacting  strength  between  the  surface  aton 
and  tie  atca  of  gas  let  us  describe  by  potential  (1.1).  He  have 
fclloeing  equations  of  action  for  the  irteractirg  system  (in  a 
diaensicnless  fora) : 


v-  ~+  y 
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>3^ 


z — ee  (*  *o.o.  o’; 

Zi,o.  / = **[*/.  1./—  2 1,0. 1 +-  I + 

+ Zi+i.n.i— 2Zi,o. »)  + M*i,  0.1-1  + 

Zi,  o.  i+i  — 2 Zi.  0,  |)1  — t*«ff_('_*0' "•  *(/.  0.  <;0, 0. 0); 

zi.j.  t “ **l*i,y+u  + — 2z/,  /,  i + 

+ + 2/  + t./.  i — 2zi. /. /)  f 

4-  i (Z),  /,  / — i Z;,  /,  f+i  • 2Zi,  j,  i)| 

( — oo<  /,  l < OO,  j — 1 , 2,  . . .). 


first  equation  (2.1)  describes  tbe  notion  cf  the  atoa  of  gas, 
the  second  - notion  of  surface  atoas,  tbe  tlird  - aotion  of  the  atoas 
cf  interior  layers  of  tbe  lattice 


Ma-  Vl  ’ 


there  H - aass  of  the  atci  cf  lattice; 


0</ , 0, 1:  0,  0.  0) 


( I i$>h  i — 0,  / = 0, 


HBCeX  OCTajIbHbIX  CJiy+aHX. 


Key:  j(1).  aith.  (2).  In  all  reaaiaing  cases 


Initial  conditions  for  (2.1): 


Z ( — oo)  — — 1 ; 

( oo  < /,  / < oo,  i - 0,  1 , 2, . . .). 


Again  us  it  will  interest  case  k2<<1'.  He  search  for  solution  ii 


tbe  f?ra 


z _ *0)  _f_  **  *M)  4.  *4*2  _|_  . 
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let  us  substitute  (2.3)  and  (2.‘1)  let  us  extract  the  equations 
uhcse  solutions  are  not  equal  identical  to  2erc.  He  will  obtain: 


<the  first  apprcxisatics 


z (0)  - te~  (*  <0)-*o.  o); 

2o° o, o( — oo)  “ zJJ\ o (—  oo)  — 0; 

the  second  appxoacfa/approxiaaticn 

i<'»  <0,-4°'o.  o)  (*(>,  _ zy)0  o); 

4!V  0 = - ( I + 4>.)  4.V  0 + o)  (*<•)  o); 

4!  0.  0 — *V’o.  0 — 2o'  0,  I = 2o'o.  = X Zo!1!,  0 *=*  > Zfto.  o- 


(2.4") 
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Initial  conditions  - zero  for  all  functions  systens  (2.4"). 


The  analysis  of  systes  of  equations  (2.4)  shows  that  in  the 
first  apprcxination,  surface  atca  (0,  0,  0) , with  which  it  interacts 
the  atca  of  gas,  it  notes  with  KA  free,  tie., 

cc aaunication/ccnnectic rs  ir  lattice  are  act  exhibited.  In  the  second 
apprcach/approxiaation  intc  acticn,  are  invclvec  the  nearest  to  at  on 
(0,  0;  0)  adjacent  atoas  cf  lattice,  bat  their  aotion  does  not  affect 
the  acticn  of  atoa  (0,  0,  0).  Atca  (0,  C,  C)  neves  in  the  manner  that 
if  its  nearest  neighbor  rested,  i.e.,  with  each  following 
ap prcach/approxiaation  intc  notion,  are  drawn  in  all  the  new  layers 
cf  th«  atons  of  lattice. 


The  solution  of  systea  (2.4)  is  analogous  solution  described 
afccve  cf  problea  with  haracric  oscillator'.  For  velocity  z with 
we  have: 


l —i1  2(i  ** 


k 4 ( 1 4 4/.)* 


4|i  7«4 


(l  + 4M 

I6(i* 


^ (1+J 


(l+tf  360  1 (1-fi*)3 
it4  1 4(i  it4 

So5" "72  J + ^ (1+rt*  "30 


C,  + 


+ ... 


(2.5) 


■cccaaodation  coefficient  cf  the  energy 
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' (1+^ 

4(i 


1-H* 


|i  it J 

** -3  (1  t-4X)  + 


(l  + 4X)« 


7*‘_.  + 

72  1 -)-(i  360  + 


lit* 

- k* 


r^i  H'(^  ^ 


o - 


,w"+41),f 


(2.6) 


Here  c4  to  deteraicat icn  fcy  fcriula  (1.12*). 


lith  jj-^0  we  have 

«,^4,ijl  -*2^-(l+4X)4  2**  (1  + 41  + 

-f  10A2)  + . . .j  . (0.7) 

Cage  61. 

Result  (2.7)  coincides  with  tie  result  of  Gudaen  [3],  by  the 
obtained  aethod  of  perturbation  theory  at  Ugh  velocities  and  valid 
with  p-)0.  Free  (2.6)  it  is  evident  that  the  acccaaodation  coefficient 
cf  cairgy  during  interaction  with  three-diaensicnal  lattice  differs 
frea  3,  daring  interaction  of  the  atca  of  gas  with  oscillator  only 
in  tbi  coefficient  of  k*,  it  tie  natural  ficgcercy  of  oscillator  is 
accepted  equal  to  (1  vtX)  . 
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Let  us  now  determine  tie  limit  cf  the  applicability  of  method 
fcr  tie  problem  of  cooperating  the  atem  of  cas  with  lattice.  For 
this,  we  will  use  the  cttaiced  in  §1  pcsiticn  that  with  k^O  the  limit 
cf  the  applicability  is  determined  frem  the  model  of  interaction  of 
solid  spheres.  For  the  model  cf  solid  spheres,  it  is  easy  to  find  the 
sctico  of  surface  atom  [k]s 

5o.o.o(*)-  - VV(7),  (2-8> 

where  I (t)  - the  functicn  of  the  reaction  of  lattice, 

icn - ( i)'  J|J(|+ CO.  •,)  <».  *, 

TT  [5'”’t  + l(s"l’T  + •l"’  T j]  ' 


(2.9) 


fig.  I. 


SSHSUBSa 


W'  to 


Fig.  5. 


Page  12. 


*he  boundary  of  the  single  collisioq  ci  tie  atoa  of  gas  with 
surface  aton  let  us  find  frcn  the  conditions 


i (t~)  -~zo.  o.  o (0  = 7 v»  + TT?  I C<)-0: 

*<o  - Zo.  0,0(0- -J-+7  ^+T+F  = °- 


(2.10) 


fig.  4,  depicts  the  futetion  of  reaction  for  different  values  X, 
calculated  on  foraola  (2.9);  the  grapb/diagiaa  of  dependence  I (t)  for 


L 
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>.  = 1.0  is  giveq  in  work  [4],  in  nock  [5]  it  is  represented  to 
dependence  I (t)  for  k=0.3.  Utilizing  conditions  (2.10)v  graphically 
let  us  fiqd  nrp,  the  deteraining  upper  boundary  of  single  collision 
fica  p with  k-)0. 

1;  0.5;  0,25;  0; 

|i.rp  =0,84;  0,846;  0,885;  1. 

Besult  for  X= 1 is  contained  in  [4]. 

rig.  5,  depicts  the  results  of  the  calculation  of  the 
acccaacdation  coefficiert  cf  energy  a,  in  icrmla  (2.6)  and  results 
cf  cunerical  calculatic is,  carried  oat  kf  tie  author  according  to 
aetbod  of  operation  [6],  for  p=0.11  and  0*.  5 (1  - first  approxiaation, 
2 - seccnd  approach/approxiaaticn,  3 - thirc  approach/approxination, 

4 - naaerical  calculation).  As  in  Fig.  2,  is  here  instead  of  k2 
introduced  parameter  deterainec  by  foriola  (1.29).  The  coaparison 
of  the  given  results  sheas  that  fcnula  (2.t)  gives  good  results  with 
k*XP • 1*  aoreever  for  p=C.5,  the  agreeaent  cf  results  is  better/best 
than  in  preblea  for  an  taracnic  oscillator,  which  is  understandable 
in  view  of  the  expansion  cf  the  liiit  cf  the  applicability  if 
supposition  about  single  collision  in  the  pxcblen  of  interaction  of 
the  aten  of  gas  with  lattice.  Fig.  5,  gives  alsc  the  results  of  work 
[3]  fpr  another  liaitinc  case  k2>>1  (carve  5). 


fhe  author  expresses  appreciaticn  to  B.  N.  Kogan  and  T.  V 
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nikhaylcv  for  the  discussion  of  this  work  and  G.  Ye.  Tsar*kova  and  A. 
V.  Zhbakcva  for  aid  in  conducting  necessary  of  calculations  by  ETsVH. 
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CRITERIA  OF  THE  LO NGITU E I N A I STAEILITY  CF  ilECEYNAHIC  AIR-CUSHION 
IEHICIE. 

E . D.  Irodcv. 

ire  examined  scae  questions  of  the  longitudinal  stability  of 
aerodynaaic  air-cushion  vehicle,  direct-ccrcected  with  the  selection 
cf  its  aercdynaaic  laycct. 

ierodynaaic  air-cushion  vehicle  - flight  vehicle,  which  uses  an 
effect  of  an  essential  increase  in  the  lift  effectiveness  and 
lift-drag  ratio  of  wing  in  flight  rear  surface  (screen).  The 
favcrable  effect  of  screen  is  exhibited  the  greeter,  the  lesser  the 
he ight/altitude  of  location  above  it  of  trailing  wing  edge,  expressed 
ia  chptd.  With  the  assigned/prescribed  wing  area  and  the 
assigoed/pxescribed  absclute  distance  froa  screen  to  trailing  wing 
edge,  deterained  by  the  possible  height  of  the  irregularities  of 
screen,  the  effect  of  screen  will  he  the  greater,  the  lesser  wing 
aspect  ratio.  This  fact  defines  the  layout  cf  aerodynanic  air-cushion 
vehicle  as  flight  vehicle  with  low-aspect-r atic  wing  [ 1].  Soae 
special  feature/peculiaxities  of  the  aerodycaaic  characteristics  of 
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aerodynamic  air-cushion  vehicle  lead  to  the  need  for  the  introduction 
cf  neu  stability  criteria  and  to  the  appearance  in  connection  with 
this  of  supplementary  requirements  tc  its  aercdynamic  layout. 

Eage  14. 


1.  Equations  of  axial  aoticn  cf  aerodynamic  air-cushion  vehicle 
dc  not  differ  in  form  frem  analogous  eguatiens  for  aircraft  and  are 
record/vritten  in  the  ferm  [2] 


dV_ 

dt 

7T  = -t r("»-C08e>- 
d*  ft 
~dti~ 
dH 
dt 


g(nM-  slnO), 


~V 

M, 

l 

V sin  0, 


(I) 


where  g - acceleration  cf  gravity  [m/s2],  mad  «y  - relation  to 

weight  cf  aircraft  of  sum  of  projections  of  thrust  of  engines  and 
aerodynamic  forces  on  hcrixcrtal  acd  vertical  axes  of 
high-speed/ velocity  coordinate  system,  t - time  [s],  v - flight  speed 
[m/s]«  0 - flight  path  angle  [rad],  ft  - pitch  argle  [rad],  of  B - 
flight  altitude  (distance  from  center  cf  gravity  of  aerodynamic 
air-ceshion  vehicle  to  surface  cf  screen  [■],  m,  ~ pitching  moment 


I 
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the  weight  of  aerocyraiic  air-cushion  vehicle  G and  its  aoaent 
cf  inertia  jt  daring  the  analysis  of  acticn  during  snail  tine 
intervals  can  be  considered  constants.  The  effect  of  aerodynanic 
force*  cn  aerodynanic  air-ccshicn  vehicle  is  assigned  by  dependences 
«y  and  Mj  on  the  parameters,  which  deternire  flight  conditions, 
taking  into  account  obvious  eguatiens  cf  cciuunication/connection 
1=  6 + a,  where  at  - an  angle  cf  attack. 

luring  the  evaluaticn  cf  the  stability  of  aircraft  the  dominant 
rcle  plays  the  exaninaticn  cf  notion  with  constant  velocity 
(short-period  notion).  let  us  write  the  eguatiens  of  the  short-period 
notion  of  aerodynanic  air-cushion  vehicle  it  increases,  being  based 

cn  thpse  not  assnnptionc  that  and  in  tba  case  ef  aircraft  [2]: 

y = const;  6 = ®hc«-M6; 

n,  = «,  Mc,  -t  An,;  H = + d//;  « = + Att;  M,  — Af,  MCI  + &Mt. 

initial  conditions/node  - level  steady  flight: 

**mc- < “ 0;  M, mi.  — ^ • 

Is  a resnlt  of  these  asseaptiens,  the  first  equation  of  systen 
(1)  beccnea  identical  («,  **  0),  renaining  three  arc  record/written  in 
the  forn 

A®  - -fyr  Art,, 

Aa  j-  A®  =.  -j-  A/tj|t 
*1 

A //=-  l/A®. 
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<»>y  print  Markedly  differentiation  with  respect  to  tine)  . 

Proposing  further  that  the  angles  of  attack  a and  of  the 
deviation  of  stabilizer  4 atd  flight  altitcce  U in  the  process  of  the 
disturbed  Motion  change  within  sack  Units,  that  increase  in 
aerodynanic  coefficients  bcy  and  y ~2Q~slcr  -^-SbA  Amt, 

where  p - air  density  [hg«s*/a4];  bA  ~ the  neat  aerodynanic  chord  of 
wing  Cm];  S - wing  area  [a*])  it  is  possible  to  consider  as  the 
linearly  depending  on  ttei,  let  us  write 

Afy  — c ••  Ai  -)  c«  A H\ 

Am,  - - mj  Aa  » «ij  Ai  -p  m J Atp  -f  m“>  <ot  -f-  m'J  A H. 

here  w - the  angular  rate  of  rctaticn  of  aerodynanic 

' dt 

aii-cashion  vehicle,  4 - angle  cf  deflect icr  of  stabilizer. 

lage  15. 

After  substituting  eipressicns  for  Acy  end  *mi  into  systen  and 
after  excluding  an  increase  in  the  flight  path  angle  Ad,  we  will 
chtain  the  systen  of  twe  linear  differential  seccnd  order  equations 
with  donstant  coef f iciects. 

Vransf er/convertlnc  in  this  systen  to  cew  tine  unit  tm,  that 
depends  o^  the  paraneters  of  aerodynanic  air-cushion  vehicle  and 
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flight  conditions  T--  * , T 2G,S  [*]•  introducing  the  operator  of 

Tm  p*r  l ’ 

differentiation  the  dine nsicnless  tine  t=d/cr  aid  after  designating 
for  tic  brevity 


2\  c: 


4 m* 

T, 

a b A 

«“*  “*/  l7 


« - 


Ja  b a 
dt  V 


H- 


H . 

bA 


f20l  9 

i»  = - relative  density  of  acrcdynaaic  aiz-caehion  vehicle; 


m\ 


i — JL  4-  - dinensionlcss  icnent  cf  inertia;  x.  — xF,  = ~ - supply 

0 ^ c'v 

cf  longitudinal  static  angle  of  attack  stability  - distance  in 

portions  MIC  fron  the  center  of  gravity  of  aerodynanic  air-cushion 

vehicle  (xT)  to  the  point  of  the  applicaticn/ap pendix  of  lift 

increeent  because  of  a chance  in  tie  angle  cf  attack  xf.m\ 


Ttl 


■'’—''fii  ~ the  supply  of  longitudinal  static  stability  with 

t V 

tea pee t to  the  height/altitude  above  the  screen  - distance  in 
portions  IhC  fron  the  center  of  gravity  of  aerodynanic  air-cushion 
vehicle  x T to  the  point  cf  the  applic atic n/appendix  of  lift 
increeent  because  of  change  in  altitude  of  flight  (*_„); 


9.=*.  *„  + 


m* 


- the  supply  of  longitudinal  static  stability  with 


reapedt  to  overload  (xlt  xFm  and  XpJt  regarding  arc  positive  with  the 
location  qf  the  center  cf  gravity  and  foci  behind  the  leading  edge 


ECC  = 7810  3904 


PIGf 


/V7 


RAC  of  wing) , let  us  write  the  system  cf  eccaticns  of  the  disturbed 
■cticn  cf  aerodynamic  air-ctshicn  vehicle  (2)  ir  the  following 
convenient  fer  analysis  fera: 


(D-  -I  1?'/) -f  A* 


KjAa  (D-'  -K'OAA/r=0. 


A//  ,l  W*&'?(x); 

t 9 


Page  66. 

In  the  absence  of  the  effect  cf  screen,  i.e.  , the 

altitade  effect  of  fligit  cr  aerodynamic  ccefficiente  (c*  - m”  = 0) 
this  systee  decomposes  into  two  iadependent  eguetiona:  the  equation 
cf  the  short-period  notice 

(D-  + 2\D  -I-  Aa  — -j—  «J  Af(t) 


and  the  equation,  which  describes  change  in  altitude  depending  on  a 
change  in  the  eagle  of  attack, 

O’  \H  <=*  |ifj  A*(t),  T.  e.  A/y  Kj  j ( [ Aa(t)dtj(/x, 

cx  the  equations,  which  describe  a change  cf  the  angle  of  attack  and 
flight  altitude  in  short-period  aoticn, 

(O’  ! 250  + %)  Am  - f »«* A?(t), 

lt 

o>’  i 2W  •*)/>*  a//-  5*  «;«;Af(t). 

■ith  2f >0  and  w*o>0  in  the  isotropic  atmosphere  at  constant 
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velocity  the  aircraft  if  stable  on  angle  of  attack  and  it  is  neutral 
cn  flight  altitude.  Consequently,  fcr  a precise  constant  altitude 
ccatrpl  of  flight  is  necessary  either  pilot's  virtually  continuous 
interference  in  the  aircraft  ccntrcl  or  the  intioduction  to 
stabilization  of  aircraft  cn  height/altitude  by  leans  automatic 
ccntrpl. 

in  flight  near  the  screen  (i.c.  the  eaith's  surface  or  water)  of 
force  and  the  torque/acaents,  which  act  on  aircraft,  substantially 
depend  net  only  on  angle  cf  attack,  but  alsc  cn  height/altitude. 
Therefore  the  systea,  which  describes  the  acticr  of  aerodynaaic 
air-cashion  vehicle  with  ccnstant  velocity,  docs  not  decompose  into 
twe  independent  seccnd  erder  equations,  eliiinating  froa  systea  an 
increase  in  the  angle  of  attack,  it  is  possible  to  write  one  the 
equation  of  the  fourth  erder,  describing  change  in  altitude  of  the 
flight  of  aerodynaaic  air-ccshicn  vehicle  ir  the  brief  periodic 
actics 

»'  < 250*  I K I <)i*  l<l*  <;)f>  I-  T c%/y(xn,  xr.)  4/f- 

- /-  C IH*  if  (X). 

analogously  it  is  possible  to  write  the  equation,  which 


describes  a change  in  the  angle  cf  attack  cf  the  aerodynaaic 
air-cashion  vehicle: 
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i)1 -|  -U>‘ -I- (%  k'')/3*  K"  (25  ('1)1)  (•*;.■//-  ■*/ J i* 

1 £ 

/ (O'  K?)»i;A»(t). 


Pace  67. 


2.  Let  us  write  characteristic  equation  cf  systea  in  standard 


fora: 


IV  | | AtD'  \-A,0  | = 


where 


/I , — 25  --  r j 


m™*  -(  w* 


~ “5  Ky=-  + 

i4*  - — 1<((25  --  c;.)=  ~c* (nr;,  I m))- 


I -2 /> (rv,  «/,) 


where 


D(c,,_m,) 

n («.  //) 


- Jacobian  function*  Cy(9i  //)  end  Wj(9(  //) 


Stability  of  eoticc  in  the  case  of  aquatic*  of  the  fourth  order 
will  be  provided  with 

Au  At,  A„  i4,>0  aro(  A*AiA*  >»M,-  .4*>0. 


Per  all  aircraft  layouts  in  the  range  cf  flight  angles  of 


< .***-♦  y~  . 
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attack,  is  aade  inequality  r*><V  By  ccndition  c£  the  stabilization 
cf  aescdyqaaic  air-cushion  vehicle  oat  c£  the  effect  of  the  screen  is 
caccuticn  cf  inequality  an<0. 

Frcs  testings  of  airfoil/prof lies,  wines  and  layouts  of  aircraft 
rear  screen,  it  is  known  that  csually  tie  lift  coefficient  of  the 
assigeed/prescribed  angle  of  attack  increases  with 
apprcach/approxisation  to  screen  (Fig.  1),  i.e.,  <-«<(). 


>-*-*  y 
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Eage  68. 

Vrca  foraulas  foe  the  calcalation  cf  coefficients  a,  it  is 
evident  that  under  these  assnaptions  of  condition  At>0,  Ac>0,  A 3 >0 
they  are  satisfied  always.  Consequently,  the  stability  conditions  of 
the  short-period  notion  of  aerodynanic  air-cushion  vehicle  in  flight 
rear  screen  are  reduced  tc  two  inequalities:  A«50  and 

A 4— 


\*—*y 
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"Che  satisfaction  of  the  first  condition  provides  the  dead-beat 
stability  cf  aerodynamic  air-cnshicn  vehicle  (i.e.  the  absence  of  the 
cc ^negative  real  roots  cf  characteristic  equation),  the  satisfaction 
cf  th£  seccnd  condition  - its  cscillatcry  stability  (i.e.  the  absence 
cf  the  ncnregative  real  parts  of  the  ccaplex  roots  of  characteristic 
equation) . 


after  substituting  the  expressions,  which  determine  the 
coefficients  through  the  aerodynaaic  derivatives,  it  is  possible  to 
write  the  criteria  of  stability  of  aerodynaiic  sir-cushion  vehicle  in 
short-period  motion  in  the  following  fora: 


dead-beat  stabilit)  - 


xnt  <:  ^ 


(•’I) 


cr,  with  any  sign  of  derivative 

D(cy\  m ,) 
D(«;  H) 


pscillatery  stability  - 


1 


Cy 

2( 


x l cv  \ 

+U *«+ -H<°- 


(4) 


Vbus,  for  ensuring  of  the  dead-beat  stability  of  aerodynaaic 
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air-cushion  vehicle,  it  is  necessary  with  tie  selection  of 
aerodynanic  layout  to  ensure  the  pcsiticq  cf  fccus  on  the 
fce ight/alt itude  above  screen  (xni)  ir  front  cf  fccus  on  angle  of 
attack  (*,..)•  For  providing  the  oscillatory  statility,  it  is  necessary 
to  select  correspondingly  centering  iT. 

Consequently,  unlike  tie  aircraft  whose  lccgitudinal  static 
stability  in  the  absence  cf  the  compressibility  effect  of  air  always, 
with  any  aerodynanic  layout,  can  fce  provided  by  the  selection  of 
centering,  the  longitudinal  aperiodic  (static)  stability  of 
aerodynanic  air-cushion  vehicle  under  these  ccjditions  can  be 
provided  only  with  in  a specific  nanner  to  the  selected  aerodynanic 
layout.  If  the  aerodynaiic  layout  cf  aerodyraaic  air-cushion  vehicle 
is  such,  that  the  fccus  cn  the  height/altitude  above  the  screen  is 
arrangc/located  behind  focus  or  accle  cf  attack,  then  with  the 
selection  cf  the  center-of-gravity  location  the  dead-beat  stability 
cf  aerodynanic  air-cushion  vehicle  it  is  net  possible  to  ensure. 

Buriqg  nodel  tests  with  screen  in  wind  tunnels  under  the 
fce ight/altitnde  of  the  nodel  above  the  screen,  nsually  is  understood 
the  distance  fron  screen  to  trailing  wing  edge  in  the  point  of  its 
intersection  with  the  scan  aerodyranic  chord. 
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Under  conditions  of  the  essential  dependence  of  the  aerodynaaic 
characteristics  of  aerodytaiic  air-cushion  vehicle  on  flight 
altitude,  the  derivatives  nr  and  focus  for  angle  of  attack 
prove  to  be  dependent  frea  the  point,  relative  to  which  occurs  the 
EOtaticn  of  aerodynaaic  air-coshior  vehicle  daring  a change  in  the 


angle  of  attack.  Focus  cn  height/altitude 


ri  i 


nt 


froa  position  on  HAC 


of  this  point  does  not  ceperd.  if  values  r*.  m)  and  xla,  deterained 
during  the  rotation  of  aerodynaaic  air-cuskion  vehicle  of  relatively 
trailing  wing  edge,  are  assign/prescritcd,  then  their  values  during 
the  rotation  of  aerodynaaic  air-cushicp  vehicle  relative  to  the 
center  cf  gravity  can  be  designed  cn  the  fctaulas 

(ej).  ~ „ -r"(l  x,)\ 

wf(l  -*r): 


ty  a k * r. 


i -V  (i  — jfT) 

Cy  n.  k 


(daring  the  calculation  of  derivatives  m*:iK  and  m"  torgue/nenent 
is  aeasured  relative  to  the  center  cf  gravity  cf  aerodyaasic 
ait-ceshioa  vehicle  xr,  therefore  both  derivatives  depend  on 
centering)  • 
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It  is  otvious  that  during  the  center-cf-gravity  disturbance  of 
aexcdynanic  air-cushion  vehicle  forward  alcrg  chord  its  focus  on 
angle  of  attack  is  displaced  to  the  side  of  focus  on  the 
height/altitnde  above  tie  screen  ard  withir  liait  coincides  with  it 
•bea  *,  — — <*>•  Th  us,  use  fcr  the  cvaluaticr  of  the  static 
longitudinal  stability  cf  tie  aerodynaaic  air-ccshion  vehicle  of  the 
aaterials  cf  aodel  tests  in  the  wind  tunnels  it  which  the  angle  of 
attack  changed  with  the  rctaticr  of  acdel  cf  relatively  trailing  ving 
edge,  cannct  lead  to  inaccurate  qualitative  evaluation  - the  order  of 
the  location  of  foci  on  flic  of  wing  it  does  not  depend  on  the  center 
cf  rotation  of  wing  during  a change  in  the  angle  of  attack,  i.e.,  on 
centering  cf  aerodynaaic  air-cushicn  vehicle. 


The  acccant  of  velocity  change  in  the  exaaination  of  disturbed 
■cvenent  of  aerodynaaic  air-cushion  vehicle  does  not  virtually  change 
the  condition  of  dead-beat  stability  - the  aft  liait,  deterained 
without  the  account  of  a change  in  the  flight  speed,  is  soaewhat 
placed  tac  1/ago  in  coapariscn  with  actual,  lot  with  sufficiently  bow 
heaviness  aerodynaaic  air-ccshion  vehicle  again  loses  oscillatory 
stability. 


3.  Let  us  exaaine  for  exaaple  longitudinal  static  (aperiodic) 


:»  . V*  ~r+  ■ Jr- 


i - iv  rr 
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stability  in  flight  neat  screen  of  delta-wing  airplane  and  I 

I 

arranged/lccated  on  fuselage  horizontal  tail  asseably  whose  I 

aerodynaaic  characteristics  were  given  to  fig.  1.  Fig.  2,  gives  these 
characteristics,  changed  dependence  m,(cF)  with  ¥=const  and  a-const  (H 
- a distance  froa  center  cf  gravity  of  aodcl  tc  screen).  The  slope 
tangents  of  these  carves  are  respectively  tie  supplies  of  angle  of 
attack  stability  m'/" — and  with  respect  to  flight  altitude 

■i 

afccve  screen  me^~=  jt,  — xFfi  with  centering  jct  = o,:*5. 

Cage  70. 

It  is  evident  that  at  all  height/altitudes  within  the  linits  of  the 
effect  of  screen  and  on  all  angles  cf  attack  the  negative 
slcpe/incl ination  curved  o*ccnst  is  greater  than  slope/inclination 
curved  H=const;  this  aeans  that  the  focus  cc  the  angle  of  attack  of 
aircraft  is  arrange/located  in  front  cf  foccs  cr  height/altitude, 
which  indicates  the  dead-beat  instability  cl  aircraft  in  flight  near 
screen. 

faking  into  account  that  the  focus  on  the  angle  of  attack  of 
lcw-aspect-ratio  wings  with  ap prcacb/ap pro liaat ion  to  screen  only 
ccsFletely  insignificantly  is  displaced  back/agc,  so  that  the 
isclat«d/in8ulated  wing  can  be  considered  neutral  on  the 
heighf/alt itude  above  tie  screen  or  weakly  castable,  the  considerable 

r 

i , 
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instability  cf  the  airciaft  cf  ncrial  diagraa  with  the  low 
ar ranged/lccated  horizcrtal  tail  assembly  can  be  explained  by  the 
fact  that  during  the  setting  up  of  horizontal  tail  assembly  in  lower 
pcsiticn  the  focus  on  the  height/altitude  atovc  the  screen  is 
shift/sheared  back/ago  were  than  focus  on  acgle  cf  attack. 


The  setting  up  of  tail  assembly  on  fuselage  in  front  of  wing 
(schematic  of  "weft"),  obviously,  will  lead  to  the  shift  of  focus  on 
angle  cf  attack  forward  and  virtually  will  net  change  the  position  of 
focus  cn  the  height/altitudc  above  the  screen,  since  the  tail 
asseably  will  undergo  considerably  sialler  gccucd  effect,  since  it 
lie/rests  abeve  wing  at  positive  argles  of  attack  and  its  area 
considerably  lesser  than  the  wing  area.  Hence  it  follows  that  the 
aircraft,  arranged  accctding  tc  the  schematic  cf  "weft",  will  also  be 
aper ipdically  unstable  in  flight  near  screen. 


thus,  aerodynamic  air-cushion  vehicle  fer  providing  the 
longitudinal  static  statility  in  flight  near  screen  must  have  the 
special  aerodynamic  layout,  different  from  the  layouts, 
characteristic  for  aircraft  with  lew-as pect-rat io  wing. 

One  Of  the  pqssible  aerodynamic  layouts  cf  aerodynamic 
aix-cashiom  vehicle,  preposed  Lippisb  [1],  has  highly 
arranged/located  horizcrtal  tail  assembly.  Ibis  tail  assembly 


a 


I 


shift/shears  focus  on  argle  of  attack  considerably  tore  than  focus  on 
) the  height/altitude  above  the  screen,  since  it  is  located  in  the  zone 

cf  the  sufficiently  weak  effect  of  screen  (at  least  at  sufficiently 
leu  angles  of  attack).  Ihis  schematic  provides  the  position  of  focus 
cn  angle  of  attack  cf  behind  focus  cn  the  height/altitude  above  the 
screen  under  conditions  cf  laxiaua  lift-drac  ratio. 


Another  schematic  can  he  "bobtailed  aircraft"  with  overflow  in 
rcct  (cf  aircraft  type  'dragon"  J-25). 
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Page  71. 

Kith  approach/approxiaaticn  to  screen,  the  overflow  insignif icantly 
changes  the  position  of  focis  on  aigle  of  attack  (.vrJ,  oa  is 
noticeably  shift/sheared  forward  tie  focus  on  flight  altitude  (xFn) 
because  of  the  decrease  of  relative  distance  fren  the  screen  of  wing 
center  section  wit,h  overflow  in  front. 

4.  For  practical  prebleas  of  evaluation  of  static  stability  of 
aerodynaaic  air-cushion  vehicle  based  cn  aaterials  of  testings  of  its 
■cdel  ir  wind  tunnel,  it  proves  to  be  possible  to  write  condition  of 
aerodynaaic  longitudinal  stability  of  aerodynaaic  air-cushion  vehicle 
13a)  in  ether  fora  which  lakes  it  possible  to  cstiaate  according  to 
one  only  derived,  defined  as  slcpe/ircliqaticn  of  experimental 
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The  basic  inequality 


m‘)  <0 
D(«.  H) 

can  be  written  in  any  of  the  fcllcwing  foci  fens: 


dcy 

da 


dm. 

da 


m?<  0; 


<'>(); 


dCl 

dH 

dm, 

dH 


m J> 0; 


ft  <0 


(bate  Cyiu  - a lift  coefficient  it  the  level  steady  flight).  It  is 
■cat  Convenient  to  utilise  cne  of  tec  laet/lattcr  inequalities.  Since 
under  cruising  conditions  of  flight  c»  ■ (),  r;>0,  stability  criterion 
they  can  be  written  in  the  fere 


dm. 

da 


<0; 


dm, 

dH 


<0. 


dcv 

dH 


Derivatives  can  be 


then  m\  o can  be  used  criterion 
foead  an  slope/inclinaticn*  of  carves  m,(a ) ekea  const,  mt(H > vhen 

i'y~  const  or  cy(H)  abet  m,  — (),  as  this  is  akcea  on  Fig.  3-5. 


Since  the  stability  cf  aetedynaeic  air-cushion  vehicle  is 
eatiaated  under  the  conditions  of  the  steady  flight,  the  exaaination 
cf  stability,  strictly  speaking,  has  setse  ccly  shea  m,  — 0,  at  the 
peicta  of  balance. 
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Curing  the  analysis  cf  the  stability  cl  aircraft,  usually  is 
■ade  the  assumption  that  the  ccntr cl-s v if ace  deflection  does  net 
change  the  position  of  focus  os  angle  of  attack,  or,  in  ether  words, 
the  slope/ inclinat icn  of  curves  Accaftirg  this  assumption  and 

for  an  aerodynamic  air-cushion  vehicle  aed  assuming  additionally  that 
the  control  displacement  does  net  change  and  the  position  of  focus  on 
the  height/altitude  above  the  screen,  ve  at  fair  possibility  to  judge 
the  stability  mith  respect  to  slcpe/inclinaticj  appropriate  curve 
mt (a ) or  mt(H)  sith  cy-  c* ' 11  and  the  arbitrary  value  of  pitching 
so sent. 
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IB  REGULAR  OPTIMUM  IBAJ  EC1CF3ES  OF  CBAF1  DUPING  FLIGHT  IN  THE 
A1HCSIHIRE. 

V.  V.  Dikusar,  A.  A.  shilcv. 

Ace  giver)  the  analysis  of  the  necessary  conditions  of  optiaua 
character  and  nunerical  solution  of  the  task  of  the  detere ination  of 
the  eaneuverabi lit y capabilities  of  apparatus  in  the  irregular  case. 
Are  investigated  t.be  systeiatic  special  feature/peculiarities  of  the 
cnaerical  solution  of  bcundar y-value  problems  daring  obtaining  of 
irregelar  optiaua  trajectories. 

Fcraulation  and  analysis  of  task. 

Buriqg  the  deterainaticn  of  the  Maneuverability  capabilities  of 
apparatus  [1]  appears  situation,  uten  local  fccujancy  effect  on 
overload  proves  to  be  exhausted.  This  .case  in  acrk  [2]  is  naaed 
irregelar.  in  this  sane  the  vork  is  deacqstiatcd  the  principle  of 
■ axiaea  for  the  liaitations  of  class  g (x,  u)^0  in  the  case  when 
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cptiaan  trajectory  contains  the  finite  cr  denutberable  nuaber  of 
icregalac  points,  aoreover  the  principle  pf  aaxiaua  [ 2 ] in,  the 
regular  case  it  is  equivalent  tc  the  classical  principle  of 
Eci}tr4agin*s  aaxiaua. 

Bet  us  exaaine  the  task  of  the  selecticn  ci  the  angle  of  attack 
cpqtrql  of  the  braked  in  tbe  atiosphere  aacbine  in  flight  tc  ainiaua 
nange  taking  into  account  liaitaticq  to  the  value  of  coaplete 
cverlpad  in  the  case  of  the  lccal  ineffectiveness  of  control. 
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fig.  1. 

Key:  (1).  Boundary  of  tic  ataocphere. 

Ease  74. 


flight  path  angle 
tiee  of  notion 


Expression  for  flying  range, takes  the  fora 

, C Wcos#  ... 

' - I -jf+r*'  (,) 

nhere  b,  v - height/altitude  and  flight  speed;  C - 
tc  the  horizon;  B - radius  of  the  Earth;  t0#  t,  - 


Wig.  1). 
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{t  is  required  to  fiqd  the  prcgraa  of  ccijticl  of  lift  h'y  — cy(t)qS, 

that  gives  ths  ainiaua  to  fuacticnal  l|tt)  under  the  conditions: 

I . ih  — iV  = l ti  t d - iV  < 0; 

-■  ^mtn  ^ y l y ma » o '!" 

V*=  — c,q  fn  ■'  g(A)sin6;  g (A)  - ga  ( ; 

* j)— = KJ> 

V2 

h V sin  0;  q = f.  „ ; f-  = p„  ; 

A.  h(t„)^  !/(/„>=--  <J  (/0)  - 6<°>;  h (/,)  A<». 

accessary  conditions  of  extieaoa  it  irregslat  case. 


The  points  of  the  set,  deteraiced  ty  equations  and  ih  — A', 

OCy 

fallowing  £2],  let  as  call/naae  irregular  points.  In  stated 
pseblea  ,"l'~  o.  shea  ey  — <•  apd  aany  irregtlar  points  consist  of  the 

iffy 

finite  auaher  of  isolated  points,  since  ballistic  trajectory  with 
<•,=0,,,  * const  cannot  fce  urifera  cverlcading.  lor  the  solution  of 
problda,  ve  will  use  the  principle  cf  aaxiaua,  foraulated  in  work 
[2].  Besignating  the  cot jagated/ccabined  variables  of  variational 
pzoklea  Pt,  P 2,  Pa,  P4,  let  as  extract  the  Eaailtonian  of  the 
expanded  system 


I'S 

/ l' 

if  \ 

i 

_ m 

U-h  A ■ 

--frJcOSft 

u ic.fV'S  .v  P,RV cosO 

'M  STS- 
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accordingly  [2],  the  systen  of  the  adjcint  equations  in  the 
presence  of  irr  eg  lilac  feints  takes  the  tosn 

/,=  *"  imT  ' !‘s» 

' dxt  y’0xt  v*i 

share  x (t)  - Lagrange's  factor,  aot  egual  tc  xero  when  nt~  A';  X (t) 
it  is  set/assuaed  equal  to  zero  when  m ./■  N arc 


v - / \>  J . „» 


toy  I 1 + 2«f,|  A " 

v - constant;  6 (t)  - a delta  function,  and  it  is  kpovn  that 


Fage  75. 


Thus,  the  systen  of  the  adjoint  equaticns  can  be  extracted 


conp lately : 


p‘  ''(rvj - * )sln"  p,''cX»+p,Kmn 


/>  I // 


,, p P ^5  1/cosO  2 # cos  ft 

’ ' 2m  ' (/?-(-  AT  V[R-\h) 

n , 2^sln0\  /?l/oosO 

“ 2m  f /? -f - /i  J ^ * 

+ »(0^+M(/  -C)^: 

p4tT +’■<'>%+>«« 


A — 0, 


where 
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1/  2 2 
dh  ‘2  m £0  f ' 1 Cy 


dn  i 
dt/ 


p,/"  i 4 


frcn  conditio*  PJ”  .=  — i and  (4)  follows  P4=  -1  in  an  entire 
trajectory.  Since  at  the  right  endylcad  of  trajectory  t,  v,  9 are 
free  and  systen  (2)  autcncacua,  B*G  and 

p\']  - pV’  - o.  ('•) 

Conditions  (5.)  ar«  boundary  for  sysbes  (*>i 


Ihe  solution  of  twc-pcint  boundary-value  ptcfclea  (just  as  in  the 
regular  case  £1])  is  convenient  to  reduce  to  tie  solution  of  the 
pxollea  of  Cauchy.  It  is  necessary  tc  'assign  P?’  and  P?’  also,  fron 
condition  H(to)=0  to  dutersina  value  P'i"  iq  accordance  with 
reguireaents  Pi”  — Pi"  - 0,  satisfying  sinelt acecvsly  condition  H (t) 

— max  for  a probles  /."»  ♦ min. 
ry 

However,  at  irregular  point  it  is  required  to  satisfy 
suppldaentary  conditions  for  phase  coordinates  and  the 
cco jugated/conbined  variables. 


■ren  (4)  it  follows  tljat  at  irregular  point  with  t*<t{  r,,(P)  - o. 
and  sf sentua/ispulse/pulses  Fa  and  p,  fill  experience/test  juap  for 

» I a- 

value  t*  ' and  i‘  .respectively  (p  - positive  constant).  Of  this. 
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consists  the  essential  difference  for  the  irregular  case  fro*  the 
regular,  where  all  noDertui/inEulse/fulses  ace  continuous  functions 
in  an  entice  trajectory  for  limiting  tfce  class  g (x,  u)£0. 


Page  76. 


Heck  £2]  shows,  that  in  optiaua  trajectory  mst  be  carried  out  the 
following  requirements: 


j /.(f)  <«<  -(-  oo. 


I, 

- P,  | f /- (/)df  — C>0, 


(6) 

(7) 


where  C - a constant  value  for  this  fanily  cf  cptiaua  trajectories. 


Beguirenent  (6)  leads  to  tfce  fact  that  at  irregular  point  in  the 
optiaaa  trajectory  where  t-y  = ()  and  — N,  sort  be  Pi=0.  Let  us 

extract  the  condition  cf  integrability  (6) : 


/, 


*P>cy  V 


Vcy  1 1 + 2 


I'  c2,  | c , dt  =- 


i fe  ^ y_s*  5 *£  ftt  c y. Cx  i Cy  dt  <r 
jvittii+itJi  J Ti  + 2«*J  ^ 


oo. 


Using  the  fact  that,  as  a rule  (see  below). 


dcy 

dt 


(8) 


*=  0.  let  ms 


exanine  certain  loy  tine  interval  t,  which  contains  point  rv  = o.  The 
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integral,  calculated  on  this  range  free  seccnd  tern,  is  United  when 

I^IC  i <*>•  Integral  j *iU  fce  limited,  if  whan 

tie,  t 

and  l(  - ci»nsi  function  Ei(t)  decreases  at  least  as  PiV)~  c" 
where  n>0.  Consequently,  in  the  irregular  case  in  the  optinun 
trajectory  of  zero  functions  Ft  it  nust  coincide  with  the  point  of 
irregnlarity. 

Condition  (7)  is  tte  condition  of  the  standardization  of 
npaentun/inpulse/pulses  [ x (t)  >0,  - E,>0  ],  essential  only  in  the 
extrene  case  whan  P4  - 0. 

let  us  exanine  now  conditions,  which  nust  satisfy  pha*se 
cccrdinates  at  irregular  point. 

d 

In  certain  interval  fh  N,  tl>en  there  (Jt  «t=0, 

"L  ^*i(d  I -‘>H  -f-  '2  xcj  q — 0. 

It  point  t*,  where  c,  o,  if  |cy|<au,  than  value  ? = o. 

thus,  in  the  optinun  trajectory,  whidh  satisfies  all 
liiitdtions,  in  point  t*<t»,  cv(^*)  — 0 nest  fc<  carried  out  the 
epeditions 

V *l(N,  C,„);  i/(l*)  *•(>;  /',(/*)==.<). 
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Bence  it  follows  that  lor  obtaining  the  optima  trajectory  in 
the  irregular  case  it  is  necessary  to  simultaneously  satisfy  boundary 
conditions  (4)  and  conditiccs  (9)  at  irregcJar  point.  But  on  the  cut 
[t0,  t*  ] is  formulated  the  twc-pcirt  boundary- value  problem  of  the 
second  order;  therefore  by  conditions  (9)  optima  trajectory  for 
ta<t<t*  is  determined  unambiguously.  As  a result  in  the  irregular 
case,  the  search  of  optinua  trajectory  as  a wbcle  is  reduced  to  the 
consecutive  search  of  the  ccts  of  cptiium  trajectory  (two  cuts  in  the 
presence  of  one  irregular  point  and  n+1,  if  a quantity  of  points  it 
is  egaal  to  n)  . 


Bet  us  examine  now  the  cut  of  trajectory,  which  lies  to  the 
right  of  irregular  point.  In  equations  (4)  value  (t**0)  is 
determined  unambiguously,  if  with  the  aid  of  p are  determined 
Pj(t*a0),  Pj(t**0)  : 

p,(r  4 0)  - P,r  0)  < P d£  ; f\(l*  4 °)  P,V  ~ 0)  ( ; 

in  expressions  P2(t**0)  and  Pa(t*«Q).  ere  should  to  set/assume 
6{t*>0)=0,  and  the  value  X(t*«0)  assign.  This  dees  not  contradict  the 
conditions  of  integrabi Jity,  since  disccntir uity/interruption  X (t) 
with  |=t*  let  us  allow.  Bcreover,  only  beoause  of  new  free  constant 
it  is  possible  with  t>t«  to  obtain  the  family  cl  trajectories  with 
the  parameters  p and  \(t*«0)  and  to  find  the  extremal,  which 
satisfies  conditions  (5)  cr  (9) , if  irregular  point  is  not  only. 


*'  -*■  T 
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On  the  basis  of  the  comparison  of  the  regular  and  irregular 
cases,  it  is  possible  tc  call/raae  ccrdit^cts  (9)  the  conditions  the 
ccqtinuaticn  of  extreaal,  since  with  their  nctperf ormance  occurs  the 
disturbance  of  limitation  nt  - n a|d  AV.,  — oo. 

luring  the  nuaerical  sclution  it  is  important  that  the 
assignment  p is  equivalent  tc  assignment  P3(t*«C),  and  assignment 
X tt**0)  - to  assignment  F3(t*'»C)  (l2  and  P3  are  connected)  ; value 

it  is  deterained  with  the  use  c£  rclat  ionship/rat io 
F|(t*e0)=0  frca  the  equivalent  with  t=t*  conditions  H=0  or 
Pi  V*  0)  - PAP  - 0) - **  \P, (t*  4-  0) - Pt (/*  n,|  (fy  ) ' 

Sine*  point  t*  is  the  renewed  singular  poitt  for  systes  («), 
dering  the  integration  cf  the  latter  it  is  necessary  point  t*  to 
select  for  initial,  which  will  simplify  the  sclution  of 
bcunddry-value  problem. 


1.  Let  us  assign  values  of  h*,  frca  cccditions  (9)  let  us  find 
V *,  9*  with  k-nown  M ; let  us  assign  P3tt*-0)  and,  utilizing  P4  (t*-0)  =0 
and  H|t*-0)  =Q,  let  us  determine  P3(t*-0)  atd  F,( t*-0) . However,  for 
integration  it  is  necessary  to  determine  xpt*-C).  Let  us  show  that  h* 


and  Pj<t*-0)  determine  value  X(t+-G),  connected  with  Unit  t ,,m  — — 

Mm  fros  expression  «.  = r- ,v  it  fellows  that  «. 

t .r  -9  c¥(t) 


P,  (JA 

♦'*-0  C,(tf 

o,  i-  •-  , 


V~£~Tc)q-N  A/?  ^ 4 c,cy(\  4-2 *c,) 0,  where  q=q(v,  h,  9,  cA)  Hence  when 


cy  *=  0 


it  is  possible  to  obtain 
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N-  Y -1-  cl  ( 1 + '3  *c,)  + Cy  Cy  i ,v_n(l  -I-  2 /rr)  =,  0, 
where  g~Q(cy,  cy,  V7,  h,  0,  cy , c,). 


Page  78. 


Considering  that  with  t<t*-0  the  valae  [iy|<o^,  we  will  obtain 
expression  for  cy(t*  - 0)  in  the  fora  of  function  v*,  h*#  9*  let  us 
detersine  X(t*-0).  Kelaticgship/ratio  rtv=0  shows  that  the  function 
£y(0  can  be  disruptive,  Ihus,  frcn  the  family  cf  trajectories, 
determined  by  paraseter  h*,  P3(t^-0)#  it  is  possible  to  select  the 
trajectory,  which  satisfies  conditions  i/(/i<u>)=:  l/iu>  and  = 6<0’- 


Virtually,  in  view  cf  the  instability  cf  the  solution)  of  systen 
\2) , are  convenient  to  enter  scnewhat  'Otherwise. 


A A 

2.  Let  us  assign  value  of  h (or  t) , that  satisfies  condition 

A A 

Than  the  cuttings  off  cf  trajectory  in  the  ban|d  [h,  h*  ] 
it  is  possible  to  obtain  by  integration  bo  the  left  frca  irregular 
(cint,  and  cut  |/‘(n*,  h\  - by  integration  on  right.  At  point  t,  all 
variables  aust  be  the  continuous  functions: 

0+  - f)  ; V*  - v- ; Pt  - ft*;  Pf  - ft 

fees  condition  H(t)*0  fcllcvs  that  Pi  PJ  |. 


(10) 
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let  us  note  that  the  expanded  system  is  autcnonous  and  tine 
asgign/prescribed,  but  ccctdinate  i cyclic;  therefore  conditions 
L+  = L~  ai}d  r t~  can  satisfied  separately  from  (10). 

luring  appropriate  selection  /j(,0),  |P»(it*-0)#  h*,  it  is 

possible  to  satisfy  the  condition  |10)  by  tie  numerical  solution  of 
fpur-paraaeter  boundary- value  problem. 

Seme  special  cases  of  the  principle  of  maximum  (ainimun)  . 

let  us  examine  the  systen  of  adjoint  equations  (4). 

1.  If  optimun  trajectory  is  regular*  then  p6(t-t*)=0. 

If  we  in  this  trajectory  assuie  P4*0,  tber  on  the  basis  of 
bpnndary  conditions  (5) , of  equality  H = C and  of  equations  (4)  we  will 
obtain  P,=  P2=P,=P4so  in  at  entire  trajectory  (i.e.  during  this 
standardization  the  principle  cf  aaxinsa  .(iiniacm)  it  is  satisfied 
trivially).  Consequently,  in  the  regular  case  in  optiaun  trajectory 
for  problens /.»»•  nin  and  to'-,  nan.  are  fuactic*  P4^0  [1]. 

2.  Let  optinun  trajectory  in  gnestion  in  problea  t">  — nin  be 
irregalar  and  P4=Q.  Of  irregular  point  can  he  determined  bo  the  left 
the  conjugate d/combined  vector  (P,.  Ez«  P a • 0)  , to  which  is 
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superimposed  a series  of  tlie  liiitaticns,)  following  f r on  boundary 
cpndifions. 


fith  t>t*,  there  are  two  possibilities:  1.  notion  without  output 
into  new  irregular  point;  2.  Movement  by  output  into  irregular  point. 


)n  the  case  of  1,  Bust  be  A’!'1  = A3Sl,  = 0,  /-/  — (),  i.e.,  A^'*  = 0 and, 
thus,  PE<>  with  t>t*.  As  a result  the  selection  of  control  with 
t>t*  with  the  use  of  principle  of  taxiaua  (i.e,*  the  first  variation 
in  the  functional)  is  impossible.  Further,  since  Pj  (t**0)  = P3  (t*+0)  =0 
by  said  force,  for  a prcblen  /.<"  - aia  we  will  obtain: 


P,(t*  - 0)- 


Onx. 

dV 


drts.  . ^ ,u 

P,  ( t * 0)  — = — 1‘  (r;ie  > 0). 


Cage  19. 


Hence  and  fron  (4)  fellows  Px(t*-O)<0,  and  consequently, 

P,(r*  -e)>0  whaq  *>0.  therefore  during  tibc  solution  of  problen  on 
/.<’>-  min  cy{t*  — «)>0.  coaditiens  g=GB/  cxf)Sy  q*Q  at  irregular  point 
uniquely  determine  V(t*0),  0(t*-0)  and  relation  with 

assigned/prescribed  h*  and  B.  Selecting  correnpcndingly  h*  and  H for 
the  left  segnent  of  trajectory,  it  is  possible  to  satisfy  conditions 
V (A»<0>)  — V' ,0)  and  o<">,  where  /«'">—  initial  height/altitude  of 

■atchine.  [Analogous  exaiination  is  obtained  for  a problen  on 
wax.  C1]  taking  into  account  condition  E*>(t«-0)  * \\'~  and 
Fa<t*-*0)  «„  - ]. 
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let  us  designate  value  N,  obtained  as  a result  of  the  solution 
cf  boundary- value  problem  for  the  left  cut  cf  trajectory,  through  N0. 
In  this  case,  it  is  obvious  that  kith  <N=N0  the  cut  of  trajectory, 
which  lies  to  the  left  cf  irregular  pcint*  kill  be  identical  for 
problems  to  the  minimum  ai)d  to  the  ■ax.imum  cf  distance  and  represents 
by  itself  the  solution  cf  the  problem  of  the  minimum  of  maximum 
overload  with  given  ones  l'<°\  0<">  [2].  The  stability  of  trajectory  in 

this  case  is  determined  not  by  functional  L*  but  by  limitation 

Peebles  to  the  minimum  cf  maximum  overload  can  be  solved  and  in 
another  manner.  Let  as  te  ir  the  process  of  the  solution  of  problem 
cm  1("  — min  (or  /.'<>  • rax.  [1])  mcnotc cically  change  N to  the 
side  pf  decrease  with  given  ones  l/<n\  0,n>.  Jm  this  case,  the  initial 
valued  PT.  P:<n>  will  grew  in  absolute  value.  Based  on  (7)  value  p* 
will  decrease  with  increase  \)V)dt.  it  is  clear  that  there  is  lower 

r,t 

1/(0)  fj(0)  c ( 

bound  M,  which  depends  or  ’ ' and  determined  those,  that  the 

problems  in  question  have  solution,  i-e-,  irfN=»0  [2]. 

The  second  possibility  (case  2)  lies  ir  the  fact  that  there  is 
several  irregular  points.  Conditions  at  the  irregular  point,  nearest 
tpward  the  end  of  the  trajectory,  are  described  above;  let  us  note 
that  %a  this  case  when  assign/prescribed  V'(0I>  o<">  valae  N0  is 
determined  by  lastylatter  irregular  point.  It  is  real/actoal,  if  at 
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penultinate  irregular  pcigt  aoaeatus/iapulse/pulses  P2  and  P4 
abruptly  turn  into  zero  (i.€.  N0  is  defined  ty  penultiaate  point  A„  - 

;Vtr  "), 

then  for  the  selection  cf  the  ccntinuaticg  c£  optiaua  trajectory 
there  reaains  only  one  parameter  4 0),  labile  for  satisfaction 

cf  ccnditicns  (9)  in  C taking  into  account  limitation  No""  are 
required  tuo  paraaeters.  Herce  it  follows  that  only  by  selecting  by 
special  fora  l/(0)  or  fJ<n)  it  is  possible  in  principle  to  ensure 
conditions  (9)  at  tuo  irregular  points  in  a ten  (it  is  not  aore  than 
in  three,  selecting  and  V '"',  aqd  0'°').  Th«  *uitei  cf  outputs  into  the 
irregalar  points,  placed  is  aore  left  .than  the  last/latter  point,  at 
Hiich  is  assigned  value  K~KC,  it  is  in  practice  deterained  with  the 
use  of  conditions  V[h{"))—  /,  [h\,  N)- = V<n\  0 (/i,0>)  — N)  — 0,O). 

ft  is  obvious,  there  are  initial  values  l/<”\  0<O)  such,  that  with 
B**«  h*  = A<".  In  this  case  in  an  entire  trajcctcry,  is  deternined  the 
negzeso  con jugated/conb ined  vector,  since  the  irregular  point 
coincides  with  the  end/lead  of  the  trajectcry. 

Page  80. 

Frecedere  and  the  results  of  the  nuscrical  detcruination  of  optiaua 
trajectories  In  the  irregular  case. 


luring  obtaining  of  the  left  cut  cf  trajectcry  in  problen  on 
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v nin  was  solved  tlje  fcur-para ie  ter  be urcary- value  problem  of 

the  selection  of  values  P(°\  Pf\  h*,  f3(t*-C)  for  the  satisfaction  of 

. . .A 

conditions  (10)  at  point  h.  As  the  function  cf  discrepancy,  was 
examined  value 

r(/<)  - |(6+  - t ( 

from  the  continuity  ccrdition  cf  the  varieties  indicated  at 

/\  A 

joint  h , it  fellows  that  <p(A)=-0.  Tirtually  curing  the  solution  of  the 
problen  of  zero  functioxs  <f(/z)  it  was  decked  with  an  accuracy  to  10*. 

A 

%i.  Since  the  derivative  coataips  dearly  control,  surface 

? I*.  PP^  h*,  Ps  (t*-0)  ] has  conplex  structure*  The  analysis  of  the 
structure  of  this  surface  qas  carried  out  tj  the  method  of  gradient. 

A 

la  this  case,  it  turned  out  that  * £bj  has  several  local  ainiauas. 
After  the  selection  of  the  scaliest  cigiama  with  the  use  of  Newton's 

. A 

aethod  [3]  wag  satisfied  condition  <p(h)  10  s. The  search  of  solution 

(A/'4) , h*  (N4) , P3(t*-0,  S4)  during  known  solutions  P/I^jV,),  /j*(N,)(  Pa 
(/*  — o,  A',) (i * 1 , 2,  3)  was  fulfilled  with  the  tse  cf  gradient  aethod  [1] 
aad  of  quadratic  extrapolation.  Further  this  solution  was  more 
precisely  foraulated  according  to  Newton's  jethed  [3].  On  the  right 
cat  of  trajectory,  was  sclved  the  tip&raaetric  boundary-value  problem 
cf  the  search  of  the  initial  conditions  PB  (t**C)  and  \(t*+0)  for 
satisfaction  of  condi tiens  (5).  Fig.  2,  gives  the  results  of 
trajectory  calculation  i<'>  — min  for  »*10,  — 3U,8,  l/«">  — 79(K)  a/s. 

It  is  evident  that  there  is  a tine  interval  t,  where  cr(/)>0. 
Limitation  to  overload  leads  tc  the  redistribution  of  the 
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resouEce/lifebimes  of  ccntrcl.  During  decrease  cf  N tiae  interval 
tibere  cy(t)>0,  grov/rises.  in  this  case*  the  filing  range  increases. 

Overload  N0,  vhich  corresponds  ii»n  maxn.,  is  obtained  by  the 

('>  ‘ 

aethed  cf  solution  of  the  four-par aaeter  cccnc ary- value  problea  of 
the  selection  of  values  P<0»3,  R(h*),  h ♦.  is  a result  of  tha  solution  of 
this  probles,  is  obtained  N0=3.334  with  |/<°>  = 71KK)  */s  and  0<°>  = -3°#  8 
(»ig.  3). 


ls  has  already  been  indicated  that  with  N = K 0 optiaua  control  is 
deterained  only  on  the  part  of  the  trajectory  to  the  left  of 
irregalar  point,  and  the  to  the  right  con jugate d/coabined  vector  is 
identically  equal  to  zero.  Cn  the  right  cut  cf  trajectory,  the 
functional  cai)  be  any.  In  fig.  3,  solution  cf  the  problea  of  search 
Nn=3.334  is  con  jugate/c<  atined  vith  the  sclrticr  of  problem 
uj.tb  h<h*=0.0399E;  it  was  assuacd  that  E^=- 1 for  t>t*.  Let  us  note 
that  with  6<-w/2  the  functional  begins  to  decrease,  in  this  case,  the 
lift  acts  against  the  gravitational  force  of  aachine. 
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Key:  |1).  Irregular  poict.  [2).  Beginning  cl  flight  in  direction 
opposite  initial  e=-1. 57079. 
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/«' 

Key:  (1)-  Irregular  point.  (2).  Beginning  >cf  flight  in  direction 
opposite  to  initial,  9=-1. 57079.  (3)  s. 

Cage  8 3. 

The  final  part  of  the  tiajectcry  represents  by  itself 
gliding/planning  with  constant  angle  9--arctg  k. 

fig.  4,  gives  the  results  of  the  calaelat4co  of  the 
maneuverability  capabilities  cf  machine  w|th  V,<">  >7900  m/s  and  f)<"> 
-3°,  6 according  to  the  data  «f  the  calculation  of  regular  and 
irxegalar  cptiaua  trajectories  [1]. 


fig.  «. 

Kml:  11)-  Irregular  optiaea  tea jecteriea.*  <2).  tegular  optlaaa 
tea jedtoriea. 
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Page  84. 

EQ8ATJC NS  CF  BOLLING  OF  A»  ELASTIC  TlBE. 


V.  S.  Gozdek. 

Is  examined  ccnaunicaticn/connecticq  between  the  aotion  of  the 
wheeling  wheel  with  elastic  bustar/tire  aod  reaction  to  it  frow  the 
side  pf  the  earth/gcound  coder  the  assuapficn  about  the  absence  of 
the  slippage  of  the  surface  cf  buslar/tire  xclatiwe  to  the 
carth/ground.  It  is  shown,  that  this  picbiew  wa thewatically  is 
f^craulated  without  the  enlistaent  of  suppleientary  hypotheses  about 
the  adchaoisa  of  the  rolling  of  busbar/tire.  Is  presented  the  aethod 
cf  the  coaposition  of  the  equations,  which  approximately  characterize 
the  process  cf  the  rolling  cf  wheel. 


The  study  of  the  character  of  the  soticn  cf  auto  or  aircraft 
with  its  landing  run  alcnc  the  earth/gtouod , the  shiaay  of  the  wheels 
cf  an  auto  or  aircraft  and  series  cf  ether  pheccnena  is  inseparable 
fi'OB  the  investigation  cf  the  forces,  whjLch  act  froa  the  side  of  the 
earth/ground  to  the  bustar/tires  of  the  wheeling  wheels.  Let  us  pause 
at  the  explanation  of  ccnnunicaticn/coqnections  between  the  notion  of 
the  housing  of  the  wheeling  wheel  and  >the  reaction  to  elastic 
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tosbaE/tire  fcoi  the  side  ef  the  earth/grourd  if  the  case  when  this 
reaction  contains  the  ccnprising,  located  it  (lane  earth/ground. 

During  the  composition  of  the  eguatipfe  cf  the  rolliag  of 
b«sbaE/tire,  usually  it  is  assuaed  that  the  Material  of  busbar/tire 
is  ideally  elastic.  This  assuapticr  lakes  it  possible  to  express 
effect  cn  the  wheel  thccuch  the  shift  >cf  its  relatively  housing  of 
the  section  of  the  surface  cf  busbar/tire*  acjacent  at  this 
totgue/aoaent  to  the  eartb/grourd.  Furthermore,  they  accept,  that  the 
rplling  of  busbar/tire  occurs  without  the  slippage  of  its  surface 
relative  to  the  earth/gr ouqd.  kith  this  assumption  between  the  notion 
of  the  housing  of  wheel  by  the  shift  relative  tc  it  lying/horizontal 
cn  the  earth/ground  points  cf  the  surface  oi  bustar/tire  there  is 
definite  dependence,  which,  however,  does  net  fern  the  closed  systea 
of  egaations.  For  obtaining  the  closed  systea  of  equations  of  the 
rclling  of  elastic  busbar/tire,  are  accepted  different  hypotheses 
about  the  existence  of  the  additional  constraint  between  as  those 
composing  the  strains  of  the  wheeling  busbar/tire.  Widest  use 
received  the  hypothesis  of  rolling,  introduced  by  n.  T.  Keldysh  [1], 
and  the  hypothesis  of  lateral  tilt  [2]. 

Eage  85. 

let  us  show  that  the  process  of  tlje  rolling  of  elastic 
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fcusfcar/tire  can  be  represented  in  the  solution  c£  boundary-value 
prcblex  foi  the  equations  of  the  stressed  state  of  busbar/tire 
without  the  introductic n cf  the  additional  constraints  between  the 
ccapcnents  of  its  strain.  To  the  sane  question  is  dedicated  work  [3]; 
however,  in  it  the  results  presented  are  used  only  in  the  case  of  the 
rougher  schenatization  cf  fcisfcar/tire. 

let  the  wheel,  which  consists  of  undefcrwatle  housing  and 
elastic  busbar/tire,  rect il inearly  to  idled  along  flat/plane 
undefpraab le  surface  with  a constant  velocity  cf  v,  being  found  under 
cpQstant  external  load.  Let  us  call/naae  this  action  of  wheel  that 
net  disturbed.  Let  us  introduce  the  rectangular  coordinate  systea 
C.xyz  whose  axle/axis  Ox  is  parallel  tc  the  earth/ground  aqd  lie/rests 
at  the  center-line  plane  of  the  housing  of  wheel  on  constant  distance 
frea  its  center,  bat  axle/axis  Gy  it  passes  through  the  center  of 
wheel  (Fig.  1) . Furthermore,  let  us  introduce  driving/noving  at  a 
rate  of  v rectangular  coordinate  systea  o*  x*  y'  z',  after  arranging 
axle/axes  O'  x'  and  O'  z*  on  the  earth's  surface  and  after  directing 
axle/axis  O'  x'  in  the  disecticn,  opposite  tc  the  velocity  vector  of 
the  undisturbed  notion.  Let  during  the  undisturbed  notion  the 
corresponding  axle/axes  of  fcoth  coordinate  systeas  coincide,  the 
bousing  of  wheel  rotates  with  angular  velocity  «0,  and  the  reduction 
cf  busbar/tirci  is  equal  f,0. 
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let  us  describe  the  disturbed  motion  ci  tfce  housing  of  wheel  by 
the  following  values:  tie  rate  V,(t)  of  point  c along  os  O'  x» , where  t 
- time,  by  the  rate  V,(t)  of  the  same  pqint  along  axle/axis  O'  z* , by 
shift  f (t)  of  the  center  of  wheel  alcng  ayle/axis  O'  y'#  by  an 
increase  «**(/)  in  the  angular  velocity  «,0,  by  angle  9 (t)  between  the 
axle/axes  C x*  and  Ox,  and  also  the  angle  i<(0  between  axle/axes  O' 
y*  and  Oy-  The  components  of  the  distorted  motion  of  the  housing  of 
wheel  together  with  the  derivatives  f(t),  6 (r)  and  ;>(/)  let  us 
consider  the  snail  first-crcer  guattities. 

let  during  the  undisturbed  notion  to  us  be  known  the  notion  of 
each  point  of  busbar/tire  relative  to  the  housing  of  wheel  in  the 
fern  gf  the  function  of  angle  y between  the  axle/axis  Oy  and  the 
connected  with  the  housing  cf  wheel  vector  t,  which  lie  at  plane  xOy 
(see  Big.  1).  It  is  expressed  shift  relative  to  the  housing  of  the 
wheel  cf  the  points  of  the  turned  to  the  earth/ground  part  of  the 
surface  of  busbar/tire  during  the  disturbed  notion  through  shift  u (x, 
z,  t)  of  these  points  alcng  axle/axis  Ox,  shift  v(x,  z,  t)  along 
axle/axis  Oy  and  shift  »(x,  z,  t)  alcng  axle/axis  Oz  from  the 
position  which  they  occupied  at  the  sane  value  cf  angle  y in  the 
pxocess  of  the  undisturbed  notion. 

Bet  us  assune  that  with  the  rolling  of  the  busbar/tire  of  point 
cf  its  surface,  being  located  in  the  contact  zone  with  the 
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t earth/ground,  they  do  net  slip  relative  tp  the  earth/ground.  Let  us 

I 

select  certain  point  of  fcu£tar/tire#  which  li«£  at  torque/moaent  t0 
cn  the  earth's  surface  and  having  in  sy£tei  C i*  y ' z • coordinates 
r* o»  ?'a.  After  tine  interval  at,  the  sane  feint  of  busbar/tire, 
vithoit  moving  relative  to  the  earth/greund t will  have  coordinates 
x*0*VAt#  z»0. 
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Considering  interval  At  small,  it  is  expressed  the  shift  of  this 
point  through  the  components  of  the  disturbed  notion  of  the  housing 
of  wheel  and  the  comprising  shifts  of  bustai/tire  u(x,  z,  t)  and  w (x, 
z#  t)  i 


V,  M + K + «.,)  U - z0  6 A t 4 ~ Ax„  + dJ*  A t -|-  O («J)  — VM; 

Jw 

V,M-\-xu  m t 6AX„+  -d- 


(l> 


where  x0,  z0  and  Ax0  - respectively  the  coordinate  of  the  selected 
point  at  torgue/mopent  t0  ard  to  change  in  value  x0  in  system  Oxyz, 
and  6 - low  value. 

Transfer/conv erting  ip  system  (1)  to  lisit  with  tendency  toward 
zero  time  interval  At  and  ef  the  ccmponepts  of  the  disturbed  motion 
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cf  wheel,  we  will  obtain  the  differential  equations  of  the  fora: 


..  du  , du  , . . . V . 

V V,  J - zb  *=  0; 

ox  at  ‘ ' mu  ‘ 

VTx  1 Zt  +V'.+  W-.-*6~o. 


(-*> 

(3) 


The  unlcnown  function  v(x,  z,  t)  in  the  zcte  of  contact  of 

tusbax/tire  with  the  earttycround  is  expressed  as  functions  f (t)  and 

+ (0: 

v(x,  z,  t)-\rf(t)  \ *■>(/)  = 0.  (4) 


Thus,  the  shift  of  the  joints  cf  the  strface  of  the  wheeling 
withoat  slippage  busbar/tire  in  the  zoqe  of  its  contact  with  the 
earth/ground  is  su.bordi  cate  d tc  re  latic  nsh  i p/r  atios  (2)  -(4).  It  is 
npt  difficult  to  he  convinced  of  the  fact  that  these 
relaticnsh ip/ratios  are  net  still  determined  completely  the  process 
cf  the  rolling  of  elastic  busbar/tire. 


Considering  busbar/tire  consisting  of  ideally  elastic  and  the 
which  does  not  possess  inertia  material,  let  us  pause  at  the  special 
feature/peculiarities  of  its  strair  in  the  case  when  wheel  is  not 
relied,  but  its  busbar/tire  is  pressed  to  the  earth/ground  by  certain 
forces  Let  at  first  the  location  of  all  points  cf  busbar /tire 
relative  to  the  housing  cf  wheel  coincide  with  their  location  at 
certain  aoaent  of  the  undisturbed  notion.  Let  <us  displace  the  housing 
cf  wheel  froa  this  position.  Let  in  this  case  the  concerning 
earth/greund  of  the  point  of  the  surface  pf  hushar/tire  remain 
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>.  icticoless.  As  a result  tbe  kustar/tire  will  occupy  new  position  of 

equilibriuo,  while  in  the  zcne  of  contact  cl  hustar/t ire  with  the 
earth/ground,  will  occur  a change  iq  exterral  ncraal  and  tangential 
lead.  The  conponepts  u(x,  z)  and  w (x,  2)  the  shift  of  busbar/tire 
together  with  their  first-eider  derivatives  in  x and  z will  be 
continuous  everywhere,  with  the  excepticn/eliniration  of  the  line, 
which  Units  the  zcne  ol  contact  of  kusfcac/tire  with  the  earth/ground 

where  the  derivatives  and  can  have  a firsti-order 

ox  dz  dx  dz 

discontinuity. 


The  fern  of  the  equilibriun  of  kustarytire  and  the  law  of  load 
distribution  on  it  froa  the  side  cf  the  earth/ground  under 
assigned/prescribed  displaceaent  law  relative  tc  the  housing  of  the 
wheel  cf  the  points  of  the  part  of  it  surface  ir  principle  can  be 
always  deterained  by  tbe  xethod  of  tbe  theory  of  elasticity.  He  will 
net  concern  here  this  picblea,  set yassuaia g kqcwn  the  coaponents  of 
reaction  to  wheel  froa  the  side  of  the  earth/greund  and  strain 
epaponents  in  all  points  cf  bustar/tire,  if  is  known  shift  relative 
t.c  the  housing  of  the  wheel  of  all  tangents  to  the  earth/ground  of 
the  pgints  of  its  surface. 


Page  87. 

Bet  us  turn  to  the  special  featnre/pecnliarities  of  the  strain 
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cf  the  wheeling  busbar/tire  near  tke  line,  which  limits  the  zone  of 
its  contact  with  the  earth/grcund.  On  interlace  in  this  case,  occur 
twc  processes.  On  the  part  cf  the  boundary,  the  material  of  the 
wheeling  bustar/tire  fits  clcsely  tc  the  earth/ground.  Let  us  call  it 
leading  edge  of  contact.  Oq  the  remaining  (art  cf  the  boundary, 
called  subsequently  trailing  edge  cf  contact,  <the  surface  of 
basbac/tire  will  move  away  frem  the  earth/gicmcd. 

let  us  show  that  with  the  introduced  by  cs  assumptions  the 
derivatives  J~ . and  will  be  c.ontinucus  at  the  leading 

edge  ff  contact.  Let  us  isolate  infinitesimal  ccll/element  of 
testac/tire,  one  of  faces  cf  which  it  is  termed  by  the  points  of  its 
surface  (Pig.  2).  let  fin/edge  AE  at  torque/sement  t0  coincide  with 
the  Hading  edge  of  contact  and  further,  being  located  in  the  contact 
zcije,  it  is  not  moved  relative  to  the  mart b/greund,  but  fin/edge  CD 
becomes  motionless  from  the  torque/acaenfc  cf  time  t0*At.  Let  us 
visualize  that  derivatives  indicated  abeve  have  a first-order 
discontinuity  at  the  leading  edge  cf  contact.  let,  for  example,  at 
■caent  t0  of  the  value  cf  derivative  is  the  vicinity  of  point  k 
to  the  left  and  tq  the  right  of  fir/edee  II,  i.e.,  inside  and  out  of 
the  Zfne  of  contact  of  bestar/tire  with  the  car th/ground,  they  differ 
tc  the  first-order  degree  >of  smallness;  Let  os  conduct  on  the  earth's 
surface  axle/axis  k'x,  which  coincides  in  the  direction  with  axle/axis 
Cx  at  torque/moaent  t0.  Iq  this  case  point  C during  tiae  interval  At 
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list  aove  along  axle/axis  Ax’  up  to  the  distcnce  of  the  second  order 
of  smallness.  Let  us  note  ttat  fcr  the  sane  tiic  the  shift  of  point  D 
alcng  axle/axis  Ax,  caused  by  s change  in  tie  strain  of  tire  free  fron 
external  surface  load  of  bustar/tire,  is  expressed  by  the  snail 
tfaicd^crde i guantity.  Ccnseguectly , tefore  colesion/coupling  of  the 
surface  of  busbar/tire  with  the  earth/ground  tc  this  surface  nust  act 
the  external  load,  directed  alcng  axle/axis  Ax'  and  calling  the  local 
slippage  of  busbar/tire  relative  tc  the  earth/ ground.  However,  this 
prccess  would  contradict  the  law  of  fricticr,  since  the  direction  of 
the  slippage  of  busbar/tire  in  this  case  picves  to  be  coinciding  with 
the  direction  of  the  action  of  external  loac.  Hence  it  follows  that 
at  the  leading  edge  of  the  contact  of  .the  vleeling  without  slippage 
eiastjc  busbar/tire  the  derivatives  ^ ^ and  ^ nust  renain 

continuous. 


The  existence  of  tie  first-crdez  discc tti cuity  of  these 
derivatives  at  trailing  edce  of  contact,  the  giving  rise  to  slippage 
of  the  surface  of  the  bustar/tire  before  its  departure/wibhdrawal 
free  the  earth/ground,  is  Iccatcd  in  accordance  with  the  law  of 
friction.  Onder  the  actual  conditions  when  functions  u and  w,  take 
sene  finite  values,  trailing  edge  cf  ccntact  represents  by  itself  not 
li>ne,  but  the  band,  in  which  the  surface  of  tuslar/tire  slips 
relat4ve  to  the  earth/giougd,  but  the  external  tangential  load  is 
gradually  decreased  to  sere,  nevertheless  ve  will  disregard  the 
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influence  of  the  slippace  c t the  surface  of  the  busbar/tire  before 
the  depart ure/withdra Mai  frca  the  carth/grcunc  and  Hill  consider 
conditions  (2)  and  (3)  carried  out  in  an  entire  contact  zone. 


fig.  2. 


Eage  88. 

Thus,  with  the  introduced  assumptions  the  increase  in  the 
reaction  to  the  wheeling  busba r/ti re,  give?  rise  to  the  disturbed 
foticn  cf  the  housing  of  wheel,  is  determined  t y the  solution  of  the 
eguaticns  of  the  stressed  state  of  the  guiescent  busbar/tire,  which 
has  with  the  earth/grourd  the  ccnstant»/invariable  contact  zone,  if 
are  satisfied  the  following  boundary  oonditicos: 

1.  The  displaceaent  cf  the  points  cf  tcstar/tire,  which  lie  on 
the  housing  of  wheel,  is  equal  to  zero. 

2.  To  surface  of  bustar/tire,  which  is  located  beyond  limits  of 
z.cqe  of  its  contact  wit!  earth/grcund  ard  clear  housing  of  wheel, 
dees  act  act  external  lead. 

J.  Displacement  of  paints  of  surface  cl  busbar/tire  within 


1 
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contact  zone  with  earth/ground  is  subordinated  to  relationship/ratios 

i2)~  (•). 


4.  On  part  of  interface,  which  corresponds  to  leading  edge  in 

du  du  dw  d:c 

process  of  rolling  of  buslar/tires,  derivatives  dx  ' ~dT ' dx  and  ~o~ 
retain  continuous. 

The  formulated  protlea  is  represented  1;  very  coaplex;  therefore 
let  us  pcint  out  to  one  cf  the  aetteds  cf  tic  composition  of  the 
closed  system  of  ordinary  differential  cqoaticns,  which  approxiaately 
characterizes  the  process  of  the  rclliqg  of  elastic  busbar/tire.  Let 
us  present  function  u atd  v c$  the  section  cf  tie  surface  of 
tusfcar/tire  within  the  contact  zone  in  the  Icri  of  the  polynoaials: 

“ -M *)x‘  zi>  I (5) 

I -<>,  I,  2 HI,  i -0,  1,  2 n; 

k 0,  1,2,...,/?;  / = (),  1,2,...,?, 

where  *„(0  and  [ikl  (/)  - the  unknown  fancticjs  of  time. 

let  us  designate  through  uh(x,  z),  wu(x,  z)  and  u„,(x,  z),  w„,(x,  z)  the 

ccapcaents  of  the  shift  of  the  points  cf  the  floating  surface  of  the 
t«sbax/tire  when  within  the  zene  of  contact  cf  the  point  of 
busbar/tire  are  displaced  respectively  according  to  the  laws:  u — x‘z>. 
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Set  us  present  function  u and  w cn  t»h « section  of  the  surface  of 
busbat/tire  out  of  the  2one  of  its  contact  kith  the  earth/ground  in 
the  fallowing  fore: 

ii  La,,  (/)  utJ  (x,  Z\  i -s~bk,{t)ukt(x,z)  \- f (t)  uf(x,  z)  |- 
! (t)  uf(x,  z); 

w . L?,y  (/)  ii>tJ  (x,  Z)  + W„I  (X,  Z)  f f(t)W{  (X,  Z\  + ’ 

+ *!*(<>  ■«'*(-«.  z)\ 

i 0,  I,  2,...,  m\  y'-=(),  I,  2,...,  n\ 
k ~ 0,  1,2,...,/?;  / — 0,  1,2, </. 

Here  «/.  «+,  “V  and  w,.  - comprising  shifts,  given  rise  to  the 
shift  of  the  housing  of  vheel  alone  ax>le/axis  C*  y*  up  to  single 
distance  and  its  rotation  relative  tc  axle/axis  o*  x*  to  the  unit 
angle  (see  Pig.  1)  • Given  ones  in  the  fern  (5)  and  (6)  of  function  u 
and  u satisfy  the  eguatiens  of  the  stressed  state  of  busbar/tire  uith 
the  observance  of  the  first  and  the  second  cf  the  boundary  conditions 
indicated.  Let  us  subordiqate  approximately  to  function  u and  w to 
renaining  boundary  conditiccs. 

Page  89. 

Let  us  isolate  in  the  zone  cf  contact  cf  bcsJtax/tire  with  lines  n*1 

eaith/ground,  parallel  to  line  z=0.  let  us  cote  on  each  line  on  m+ 1 

(pints,  after  arranging  oq  <ne  cf  then  on  the  leading  edge  of 

contact.  Let  us  require  ceqtinuity  the  derived  du  and  ,[11  in  n*1 

dx  ih 

selected  points  of  the  leading  edge  cf  contact  and  satisfaction  of 
the  conditions,  dictated  fcy  eguaticn  (2)  ic  the  ethers  ato+l)  the 
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selected  points. 

First-order  derivatives  on  x and  z of  assigned/prescribed  in  the 
fcra  expressions  (5)  and  (6)  of  functions  u and  w have  on  the  band 
edge  $f  the  contact  of  busbar/tire  with  the  earth/ground  as  in  the 
epauiced  above  load  case  of  aotiocless  buslcx/tire,  a first-order 
discoctinuity.  A difference  in  the  values  c f these  indicated 
derivatives  cf  both  sides  cf  irterfacc  in  each  cf  its  points  is 
expressed  by  linear  functicn  of  variables  »„•(/),  pw(0.  by  f (t)  and 
MO-  That  seans  that  the  continuity  of  derivatives  and  at  a*1 

points  of  interface  can  be  reached  by  intrcducticn  n«- 1 of  the  linear 
dependences  between  these  variables,  since  iq  the  direction  of 
targeat  to  interface  derivative  of  function  u reaains  of  the 
continuous  because  of  the  continuity  function  itself  u. 

Is  a result  we  will  ottaiq  n ♦ 1 algebraic  u(nO)  of  differential 
liqeaE  equations,  containing  (■♦!)  (n*  I)  f incticns  *,j  (/)  and  (p+1) 

(qtl)  functioqs  P»,  (0.  Entering  thus  with  respect  to  coaposing 
shifts  w,  it  is  possible  tc  obtain  (p*1)  (g*l)  the  equations,  which 
contain  the  saae  variables. 

■sing  tha  method  presented,  let  us  epaprise  the  lore  precise 
equations  cf  the  rolling  of  busbar/tire  in  comparison  with  those 
obtained  in  work  [ 1 ]. 


I 
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Because  of  the  syxietry  cf  busbac/tire,  tie  processes  of  its 
longitudinal  and  transverse  disturbed  acticr  are  not  connected,  if 
the  parameters  of  the  disturbed  acticn  are  lew.  The  transverse  notion 
cf  the  housing  of  wheel  is  characterized  to)  variables  0(0  and 

Fenction  u in  this  case  aust  be  skew-syaaetric,  and  function  w - 
syaaetrical  relative  tc  axle/axis  Cx.  issuaing  that  in  expressions 

(5)  «?1,  n=1,  p32,  q=0,  let  us  assign  function  c and  w within  the 
ccntact  zone  in  the  following  fora: 

m = * MO  f (01  I xz\/A0-*(t)\:  I 

W > (f)  I x\  ■>(!)  I '?(/)  | I * | /(/>  i -(f)  | | 

The  unknown  fancticns  cf  tine  X (t)  ana  #(t)  here  express  the 

action  of  contact  surface  as  rigid  tody,  age  functions  *(t),  <•  (/)  and 
~ strain  of  busbar/tire  in  the  ccntact  zcnc^  Let  us  require  so 
that  functions  (7)  would  satisfy  equations  (2)  and  (J)  in  the 
vicinity  of  point  with  coordinates  x*0,  z-  C with  an  accuracy  to  ssall 
erder  x*+t2.  This  gives  rise  to  following  .ccaaunication/connections 
between  variables,  enteritg  re latic qsh i p/r at ios  (7),  (2)  and  (3): 

+ > 4-  V,-r  M = I 

Ea.g#  *0-  '«> 

V/_  f 3-0.  I 

Representing  function  u and  w beyerd  tbe  liaits  of  the  zone  of 
contact  of  busbar/tire  with  the  earth/grosna,  jest  as  in  expressions 

(6) ,  let  us  draw  nearer  at  the  leading  edge  of  contact  derivatives 


>•  *-fr  . 
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— . i"L  , dw  and  0u'  th«  continuous,  retaining  equal  to  zero  value  of 

dx  dz  dx  ^ dz 

their  disccntinuit y/interr u pticn  at  tfae  point  ct  intersection  cf 
leading  frcnt  with  line  z-0  with  an  accuracy  tc  snail  order  zz.  The 
last/latter  requirement,  equivalent  to  the  equality  of  derivatives 

d “ aqd  ^ fron  twe  sides  of  interface  in  the  vicinity  of  the 

dxdz  dx 

ppint  indicated,  leads  to  the  appearance  cf  twe  presented  below 
linear  dependences  between  variables,  entering  expression  (7),  and 


with  (unction  MO: 


£ - ax  X f a,  <f  -(-  a3  o -f  ax  •}<; 

X^=aftX  (-  at  -f  I-  a,  a !-«„•>, 


where  at-a8  - constant,  deterained  by  strain  busbar/tires  during  the 
shift  cf  its  points  in  the  contact  zene  acccrdicg  to  the 
assigned/prescribed  laws.  Relation ship/ratics  ft)  and  (9)  fora  the 
closed  system  of  equations,  which  relate  /the  paraaeters  of  the 
transverse  disturbed  notion  cf  the  housing  cf  wheel  with  the 
epaponents  of  the  shift  of  the  pcirts  cf  bnsbar/tire  in  the  zone  of 
its  contact  with  bbe  eartb/greund.  The  components  of  reaebion  to 
wheel  fron  the  side  of  the  earth/ground  in  this  case  are  expressed  by 
the  linear  functions  of  variables,  that  participate  in  equations  (9). 


The  systea  of  equations,  which  appioxixately  characterizes  the 
process  of  the  rolling  cf  besbar/tire  during  its  longitudinal 
disturbed  notion,  can  be  obtained  by  the  sue  peth.  let  us  assign 
witbis  the  zoqe  of  contect  ct  function  u atd  w cf  which  the  first  now 
seat  be  sysaetrical,  and  the  second  skew-ayaaet ric  relative  to  line 
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t z*Q,  in  the  form 

« - c (/> -f- jci* <0;  u>  ~o,  (to) 

where  € (t)  the  shift  the  contact  zcne  lengthwise  as  of  rigid  body, 
<j(t)  - defornation  of  the  aatecial  of  bustar/tire  lengthwise. 

let  functions  (10)  satisfy  equations  (2)  and  (3)  at  point  with 
coordinates  x=0,  z-0.  Then  hetween  variables  t(t),  p(t)  and  the 
paraaeters  of  the  distorted  notion  of  the  fccusirg  of  wheel  there  is 
the  dependence 

V«  i H Vx  + --  0.  (II) 

WJ0 

let  as  present  function  u and  w fceyood  the  linits  of  the  contact 
zcne  in  the  forn,  analogous  (6),  and  let  us  require  the  equality  of 
derivatives  fron  both  sides  of  interface  in  the  vicinity  of  the 
feint  of  intersection  of  leading  edge  with  line  z=0.  This  leads  to 
the  appearance  of  a linear  dependerce  between  variables  t(t),  p(t) 
and  fit) : 

|k  = -\-  b-if,  ('-) 

where  fct  and  h2  “ constants. 


Belat ionship/ratios  (11)  and  (12)  represent  by  themselves  the 
closed  systea  of  eguatiens  cf  the  rolling  cl  busbar/tire.  The 
coapcnents  of  reaction  to  wheel  free  the  side  cf  the  earth/ground  in 


DOC  * 78103905 


FAGE 


the  case  in  question  ace  expressed  linearly  thicugh  variables, 
entering  equation  (12). 

Cage  91. 

In  conclusion  let  us  point  out  to  sons  differences  in  the 
processes  of  the  rolling  of  elastic  buqbarytire,  characterized  by  the 
obtained  here  equations  aBd  the  equations.,  given  in  work  [1].  Let  us 
exanine  the  steady  rectilinear  rolling  cf  the  busbar/tire  when  the 
ceqteE~line  plane  of  the  horsing  of  wheel  is  turned  with  respect  to 
velocity  vector  to  angle  0*,.  According  to  the  equations  of  the 
rolling  of  busbar/tire,  presented  in  work  indicated  above,,  to 
bu$bac/tire  under  these  conditions,  aunt  act  the  sane  noaent  of  the 
forces  cf  relatively  vertical  axle/axis,  that  also  daring  the 
rotation  of  the  zone  of  ccntact  of  the  quiescent  busbar/tire  to  angle 
6m  relative  to  the  housing  cf  wheel.  The  value  cf  the  saae 
torque/aoaent,  found  on  the  basis  cf  equations  (8)  and  (9),  will 
reqdeE/show  another,  since  due  to  to  that  ccapcsing  shifts  «,  that 
considers  shearing  strain  ic  the  adjacent  tc  the  earth/gronnd  part  of 
the  basbar/tire,  value  d aqd  80  will  not  be  equal  to  each  other. 


Iquations  (It)  and  (12)  differ  free  the  taken  in  work  [1] 
conditions  of  the  rolling  of  besbar/tire  iq  the  case  of  th;e 
Icogitudinal  disturbed  aoticn  of  wheel  by  pretence  in  terns  of  that 
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ccajcsing  the  shifts  of  the  (fiats  cf  the  tustar/tire,  designated 
through  p(t).  Because  of  this  suppleaegt  of  equation  (11)  and  (12) 
they  reflect  the  fact  of  the  chance  in  the  angular  velocity  of  steady 
ran  of  the  housing  of  the  wheeling  wheel  under  effect  of  the  applied 
to  busbar/tire  fro*  the  side  eacth/ground  cf  ccluan  load.  During  the 
fluctuations  of  the  housing  of  the  wheeling  wheel  lengthwise  or 
during  its  angular  oscillations  relative  te  rotational  axis  the 
acting  on  busbar/tire  fren  the  side  cf  the  earth/ground  longitudinal 
force,  found  on  the  basis  of  eguatiens  (11)  and  (12),  scatters  energy 
of  these  fluctuations,  which  is  also  connected  with  the 
charadterizable  function  p (t)  by  the  stretch  detonation  of 
buabax/tire  it)  the  contact  zone. 
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18  E ACCOUNT  OF  EXPERIENCE  II  OFERA1ICN  EOR1IG  TIE  DETERMINATION  OF 
THE  SERVICE  LIFE  OF  CONSTEOCTICN. 

V.  D.  Il'ichev. 

Face  92. 

On  the  basis  of  the  hypothesis  cf  the  lincsr  addition  of  fatigue 
failures,  is  developed  the  procedure  for  of  calculation  of  the 
current  safe  service  life  cf  construction  and  its  prolongation 
vithoet  the  excess  of  the  assigned/prescrifced  probability  of 
eiergency  in  park/fleet.  Is  provided  for  the  use  only  of  not  current 
given  full-scale  aeasureients  cf  leads  and  results  of  laboratory 
tests  fer  durability,  but  also  the  statistics  cf  the  current  coating 
in  park/fleet,  including  leaders's  ccating. 

Vhe  proposed  nethod  cf  calculation  of  the  permissible 
prolongation  of  th,e  current  safe  service  life  cf  construction  (BSS) 
according  to  the  conditions  of  fatigue  life  is  instituted  on  use 
besides  usual  given  sup pleaentary  statistical  ieforsation.  Are 


I 

I 
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considered  the  data  on  the  current  distribution  of  coating  in 
park/fleet  and  on  the  presecce  cr  tfce  absence  it  the  constructions  of 
fatigue  failures,  the  laboratory  data  cn  tic  life  of  the 
constructions,  which  have  operaticr  tiae  under  actual  conditions, 
including  their  statistical  data  operation  tiae. 


let  us  assuae  that  at  all  stress  levels  density  distribution  of 
the  probabilities  of  the  durability  cf  constructions  obeys  the  law 
p°(v)  with  equal  to  zerc  average  and  dispersion  p2.  Here 

t lg  ^(3)  - IgA'fs)'— lg/V(3)  — lg /V„  (j)  = lg  r,  (1) 

where  N ( a)  - the  anaber  of  cycles  cf  leading  before  the  destruction 
cf  the  datua  of  construction  on  stress  level  • [kg/ca2]. 


lg  H (•)  - the  average  logaritha  of  the  nwsker  of  cycles  before 
destruction  cp  stress  level  •- 


(age  93 
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Let  us  assuae  also  that  the  average  cuive  cf  durability  R0(a), 
obtained  under  laboratory  ccnditiors,  is  determined  with  an  accuracy 
to  its  position  along  aile/axis  lg  N , so  forth  with  an  accuracy  to 
raqdcn  coefficient  f: 

\Nn  0)|H:lr  - 5 | A', i (i)|,a(S  (2t 

(randaa  character  f is  connected,  in  particular,  with  the  diversity 
cf  operating  conditions  cl  constructions). 

fn  an  analogous  aarner  are  connected  and  ccngruent,  i.e., 
corresponding  one  and  tie  sane  to  the  value  cf  the  parameter  of  the 
probability  of  destruction  r,  durability  curves  for  other  levels  of 
the  probability  of  destruction,  since  N (•)  3 r • S,0  ( •)  . 

in  accordance  with  tbe  linear  hypothesis  of  the  addition  of 
fatigue  failures,  life  K cf  construction  under  these  conditions  will 
be  expressed  by  the  foriula 

*»,,  K | 5,  (3) 

where  3—  the  sua  of  structural  fatigue  failures  relatively  average 
cf  tk4  curve  of  durability  I0(«)  per  hour  cl  standard  flight.  The 
probability  of  destruction  during  K cf  hours  depends  oa  coefficient 
cf  r and  it  is  egual  to  0.5  uith  r*1.  Consequently,  K and 
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A'.=  4 - these  are  the  respectively  average  life  and  the  average 
iaitifcl  (corresponding  e=1)  life  of  ccfstractic*. 


It  is  ofcvious  that 


, N (■})  , , K 

T=ls  A'  i-\  “ 'K r = 


(4) 


Consequently,  the  prctafcility  of  structural  failure  during 
period  K is  equal  to 


' . * 
'K  . 
*■ 


| f Pa(  ] l '*  *•) 


(•») 


let  us  introduce  tie  lcgarithaic  scale  of  lives  K,  of  coating 
of  average  coating  *,  cf  tfce  service  lives  and  so  forth, 
utililing  constants  k0  and  g: 

K-k„gx>  * — k.,gi;  **=k„gr- 
-*  K =■  *o  g\ 
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Page  94, 


let  us  exaaine  diagraa.  Experience  in  operation  of  perk/fleet 
free  M,  constructions  is  rcpicdcccd  ci  it  in  the  forn  M,  of  the 
points,  driving/no ving  tpvard  along  diagonal  in  the  course  of  tine 
for  tie  operating  const  met  ions  and  fixed  for  those  copied.  Notion  is 
liaited  fren  above  by  the  value  that  flew  of  ESS  xb  (/,)•  Value  xt(x,) 
is  deteinined  fron  the  condition: 


J 

t 


( *6  -Jr)  l(  * 

/>» = f P*  (*)  d' 

—JO 


(7) 


Here  pQ  - permissible  probability  cf  structural  failure  during 
K*  hours  of  operation.  Iccording  to  fcraula  (6)  therefore 

it  is  necessary  to  detecnine  value  E.  Density  distribution  of 
probabilities  lg  E can  he  chtained  cn  Bayes*  fcraula 


/Mlgt) 


^(ig  ?)•/>•  <igs) 


(8) 


there 


the  prehability  cf  the  "event"  of  T,  i.e. , the 


r - 


: yjfe 


fm 
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actual  current  distribution  of  coating  and  lailures  in  park/fleet 
order  condition  assigned/pr escribe d lg  t. 


/>*(!*:£)  a priori  probability  distribution  lg  £. 


Pa  ths  nor aalizat ic r constant,  vhicb  lakes  sense  of  the 
ccspoaits  probability  of  event  1. 


The  current  statistics  of  the  operation  of  park/fleet,  i.e., 
event  T,  is  assigned  in  the  fort  of  the  distribetion 


/ >•  >„ 


■here  nt  the  nusber  of  constructions  with  coating  including 
the  constructions,  thich  have  fatigue  failures. 


%*■  • y*  . 

r- 
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Page  85. 

let  us  take  as  a posteriori  value  IkE=-)rE,.  tc  Baud  distributions 
F(lg  <) • which,  as  show  calculaticts,  scaevfcat  lesser  than  the 
expectation  lg  5.  Appropriate  Baud  value  E - E,  (or  .v=- x,). 

Equation  Baud  for  deter aiaatios  x,  takes  tie  lera 


O’*);  , W? 

P * Pm 


0. 


<!»> 


probability  P\  it  is  easy  to  calculate.  8c,  when  v,  n 

= fill-P  ( X/  — , (10) 
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where 

<tj~* ' 'I!  K 

P(y.j  --■*)==  f />°  (t)  rft;  (II) 

- ■» 


■ hen 


nn 

/i 


/»(/.>--')! 7 n •«). 


i i 


there 

^ tt/  «*  Af,  «/  v/- 

y-l 


the  probability  of  the  event,  which  inducts  besides  the  already 
occurred  failure  v,  of  ccm tr uctic ns  the  failure  one  additional  of 
the  regaining  M — ■*,  ccnatr rctions  is  defined,  as  it  is  easy  to  show 
that  by  the  foraula 


P'L 


+ i 


P'i 

rM 


2> 


it 


i± 


where  />,  — I ~q,. 


thus,  is  here  taken  into  account  crly  ret  current  nueber  »,  of 
the  actually  broken  constructions,  but  alsc  their  operation  tiae,  aud 
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is  introduced  "supply  cr.  failures",  equal  tc  urit. 


tet  us  introduce  tie  designations 


i i/’Migs>i; 

I I P'h(Y.  x)\x 
Pm  (/  ■*) 

1 

and  equation  (laud  (9)  let  us  write  in  tbe  fern  At(x)=A2(x). 


In  the  siaple  case  when  entire  park/fleet  with  a voluae  of  a has 
the  identical  coating  ct  y and  v failures,  end  the  life  of 
constructions  is  distributee  according  to  tie  lcgarithaic  normal  law 


A,  (f)- 


At  [x) — 


m 

In  ID 


'f.v(y) 


m 


'i'.v  ( yj 


i 

I — (y)  ' 


(H) 


where  v-=  (/  X-'n-  ; the  serial  -la*  f/v  ( v)  = (>>). 

P 

Eage  96. 

lunction  A | (x)  is  expressed  simply  on  1 j fer  sone  special  cases. 

Bet  us  pause  at  calcalaticn  p*  ( Igl).  let  us  assoie  that  we 

always  avail  three  identical  copies  of  each  construction,  tested  to 
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vhere  u>«. 

lith  the  large  relative  ejeratien  tine  v/a  random  variables  u 
and  a can  be  considered  independent  variables,  this  assuaption  occurs 


r i 


y-  _ 

a ,• 


t; 
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intc  "supply",  since  the  account  tc  correlation  u and  w increases 
value  5.  It  is  real/act cal,  let  us  substitute  into  foraula  (15) 
instead  of  u value 


W*  ~ au  I (1  a)  W, 


(17) 


where  0$a<1#  and  u and  % - independent  randca  quantities.  Then,  as  it 
is  easy  to  verify  that  that  5 (a)  = <(C)  /1-«,  where  5(0)  - initial 
expression  for  5. 

Value  a - parameter  cf  the  identity  of  old  and  new 
constructions. 

In  accordance  with  equality  (15),  utilizing  an  assunption  about 
independence  v,  u and  w,  we  will  ettaia 

CO  OG 

P*  (IK  0 = C --j—  | C ( v ) vdv  J f"  («)•>(«—*)  du , (18) 

0 0 

where  C - normalization  constant. 

■ sually  distr ibutiens  { (v) , t(“)  are  assigned  in  discrete 

ferw.  Tbeq  equation  (18)  takes  tfca  fora 


f 
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Bara  \ — the  relative  nuater  c£  cc rst net  ice*  aith  operation  tiae 

v,,  tested  before  failure  in  labcratcry,  ^ ^ = 1 ; 

i=i 


■|»,  the  relative  nuafcer  cf  constructions 
ahich  shoaad  during  testirg  in  laboratory  life 


with  operation  tiae, 

/* 

«*„  £t/=i. 

/ -t 


According  to  initial  assuaptiens,  distribution  f°  (u)  can  be 

o 

expressed  through  p°(r). 


fbe  value  that  flea  cf  ESS  of 
expressed  according  to  fcracla  (S) 

■*«  = x„  f p 


xt  after  deteraination  x, 
in  the  fern 


♦ '(/»„) 


m 


is 


there  Q~'(p„)~  the  functicn,  re verse/isve taa 


fer  the  case,  illustrated  by  diagraa,  lunctioa  x ,(/) 
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- / / 

asyiptctically  approaches  cc  tep  a direct/straight,  parallel 
ciagcaal,  i.e. 

x*  ' z f X,  c /...  (21) 


fchere  x,(/c)—X''. 


Ccnseo  ueijtly. 


xn  = X 


..  i P'1'  1 (/»„) 
Ai'  IK/? 


(22) 


However,  so  that  ccrrert  ESS  and  the  frtcre  it  was  not  necessary 
tc  reduce,  it  is  necessary  to  estatlish/instal 1 the  tendency  of 
chang*  jc#(x)  in  /,  i.e.,  to  extrapolate  inaction  *«(/)  iron 
iastaataneons  valaa  in  point  y,-  after  deterainiag  the  peraiasible 
probability  p0  of  the  failure  of  each  construction  in  park/fleet  with 
a vclaae  of  H<t  daring  entire  initial  ESS  K$,  we  thereby 
estabiish/inetalled  the  risk  of  operation  Fc,  1-e-#  the  pernissible 
probability  at  least  of  one  failure  in  park/flect  of  tf0  constructions 


/*•  ~ 1—  (1  ^ I -f-*'*  SY1a.ll  pt  (23) 


the  average  pernissible  density  of  fractures  if  park/fleet  He  to 


I 

I 
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flying  hour 


p. 


M„pn 

A'n 


(21) 


and  the  aaiiiui  permissible  density  of  the  icactuces 

__  M'P„  » ?„  \ M„p„ 

Pl  ~ K%  • < 2r>> 

the  respectively  averace  and  aaxiaua  pcxaissible  nuaber  of 
fiactvres  till  comprise 


'"-^Kp,,  «nd  max  ■>  — M„pn  4 p„  ) M„p„.  (2<-.) 


Face  98. 

therefore  let  us  consider  » as  continuous  the  paraaeter. 

Vcr  simplification  in  the  lining/calcalatlcaa  daring 
extrapolation  *,,(/)  let  vs  deteraine  event  "equivalent"  to 

event  T in  the  sense  that 

x.  (T„m)  — xt  (T)  -*  jc.  . (27) 


Event  T 


lies  in  the  fact  that  ie  certain  park/fleet  vith  a 
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volume  of  m,ku  all  the  cc rstructicns  lave  a coating  < and  the 
comber  of  fatigue  failuies  in  park/fleet  is  equal  to  ' — Value 
m,ka  is  determined  frea  equations  (27).  Equation  Haud  (9)  in  this 
case  strongly  is  simplified  [see  eapressicr  (13)]. 

Extrapolation  *.,(/,)  from  the  current  tci gue/nonent  is  conducted 
for  an  equivalent  park/flsct  vith  a constant  volume  of  the 

comber  cf  fractures  in  thick  vith  coating  ircreases  over  v,  so  that 
ac  increase  in  the  fractures  is  equal 

Av  (j,(x  *,)  1 £»  ^ *>*,  (‘28) 


here  l,~  the  "supply  cn  fractures",  thick  cam  be  introduced  for 
the  larger  guarantee  of  safety.  Then  x.  (8,  / ii)< x.  „ (i,  = l>). 

If  dependence  -*«  (y)  shea  />/,  proves  tc  be  decreasing,  i.e.. 


t,x°  (i  uj<t A / = /„  (29) 

d/ 


then  as  BSS  it  cannot  be  taken  xt  </,)  cn  formula  (20), 
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Current  BSS  in  this  case  is  dcterniqed  by  the  value  of  the 
■ iqises  cf  function  -My.)  then  />/,: 

<|t  1 (n  \ 

av,  - min  »k„  (x) -|- p — . ■ ■ (31) 

t ,,  'U/i 

Vith  the  review  that  flow  cf  ESS  at  following  torque/nonent,  is 
considered  already  new  current  statistics  1 and,  possibly,  the 
supplemented  data  on  the  endurance  test  of  constructions,  on  the 
calculation  procedure  it  retains  previous. 

Supplementary  possibilities  fcr  the  prolongation  of  BSS  can  be 
opened,  for  exanple,  during  an  isproveseqt  in  tie  fatigue  data  of 
constructions,  i.e.,  with  ar  increase  x.  (acrk  hardening,  etc.), 
during  a change  in  operating  conditions  (feiled ic  flaw  detection).  In 
the  latter  case  can  be  calculated  and  accepted  as  p0  greater  than  por 
the  permissible  probability  cf  the  cccureace  of  fatigue  crack,  since 
under  conditions  of  periodic  flaw  detection  crack  initiation  does  not 
still  indicate  fracture.  Crack  witfc  the  specific  probability  can  be 
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reveal/detected , and  the  assigned/prescrib* c level  of  the  risk  of 
operation,  i.e.,  probability  of  one  cr  is  icre  fractures  and 
park/fleet  during  R0  hocrs,  it  will  be  preserved. 

The  aanuscriph  entered  18/11  1969. 
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1EPE0XIBATICN  METHOD  OP  1BE  CALCOLATICN  OP  I1IS1MHETRIC  INTERACTION 
CP  THE  FREELY  SPRAYING  JET  IITH  E A E El  EE 

1.  I.  Blag csklonov . 

Is  proposed  the  ap pr cxiaati.cn  aethcd  cf  the  solution  of  the 
problea  of  interaction  cf  supersonic  uedere ipanded  jet  with 
tarrier/obstacle.  This  preblea  is  reduced  tc  the  problea  of  the  flow 
around  sphere  of  the  steady  flew  oi  gas.  Is  given  the  procedure  of 
the  deteraination  of  Bach  noaber  and  a radius  cf  sphere.  The  results 
cf  calculation  by  approaiaaticr  aethed  are  ccapsred  with  experiaental 
data. 

The  problea  of  interaction  of  the  freely  expanded  gas  jet  with 
barrier/cbstacle  is  theoretically  still  little  investigated,  only 
recently  appeared  several  ncaerical  aetbods  of  its  solution.  So,  in 
verk  [1]  it  is  solved  by  reverse/inverse  act  hod.  Effective 
render/showed  the  aethod  cf  integral  relaticnship/ratios  which  was 
used  In  works  [2]  and  [3].  At  acchanics*s  3rd  Ill-Onion 
cctgress/descent  about  the  soluticp  of  this  task,  aade  a report  H.  R. 
Lebedev  and  K.  G.  Savincv,  ubich  used  setbed  of  the  establishaent  of 
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X.  I.  Babenko  and  V.  V.  Fusarcv.  In  this  article  unlike  the  nentioned 
afccve  works,  is  proposed  the  aethcc,  which  coes  not  require  use 
ElsVfl;  the  problem  of  axisysaetric  interaction  cf  supersonic  jet  with 
karrier/obstacle  (sphere  cr  plane)  is  reduced  tc  the  problea  of  the 
flew  around  sphere  of  the  stead;  flow  of  gas.  As  initial  are  utilized 
the  data  on  the  distribution  of  the  paraaeters  in  the  freely  expanded 
supersonic  jet  and  the  flew  around  sphere  ci  unifora  supersonic  flow, 
which  are,  for  exaaple,  ic  work  [4]. 


let  us  exaaine  the  flow  around  sphere  cf  tie  steady  flow  of  gas 
(Fig.  la-).  During  flow  appears  the  detached  sbcck  wave  and  between 
the  wave  front  and  the  tody  surface  is  foracd  region  ABCO  of  subsonic 
flow.  In  the  case  of  adiakatic  flow,  the  systea  of  equations,  which 
dascribes  the  flow  cf  gas,  can  he  written  i r the  fora 


Ur- 


du 

dx 


/On 

"v  u 


dt 

Si 


x) 


(V*  - *-) 


dv 

#y 


n'J 


(Hr 

dx 


du 


1 ds 

r y',r' 


id 


where  B - a radius  of  sphere;  u,  v - ccaprisinc  velocities  in  the 
direction  cf  x and  y axes;  a - speed  of  soacd;  + - the  function  of 
cwrrent;  p - density. 

trebles  consists  of  the  deter i icat ion  cf  urique  and  continuous 
scluticn  of  the  region  in  question.  Its  bowedaries  on  which  are 
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placed  the  corresponding  conditions,  are  the  slice*  ware  ABD,  the  axis 
c£  syaaetry  AO,  the  duct/contour  of  tody  OC.  Surrey /corerage  of 
■ettods  of  solution  of  this  problei  is  cirei  it  work  [4]. 

Fage  ICO. 


flow  let  us  examine  tte  flow  around  sptere  cf  gas  jet.  Here,  as  j 

during  the  flow  around  sphere  cf  tte  steady  flew,  appears  the 

detached  shock  ware  and  between  the  ware  frent  and  the  body  is  forned 
the  rflgion  of  subsonic  flow.  Systeis  of  egcaticcs,  which  describe  the 
■oticn  of  gas,  and  boundary  conditions  cn  tte  axis  of  synnetry  and  on 
the  surface  of  the  sphere,  streanlincd  with  the  steady  flow  and  gas 
jet,  the  sane.  The  specific  character  cf  the  picblen  of  the  flow 
arcund  sphere  of  gas  jet  cccsists  cf  satisfaction  to  boundary 
conditions  on  junp  ABD.  Alcng  gallcp  changes  beth  rery  velocity  of 

incident  flow  and  its  direction.  Let  the  solution  of  the  problen  of 

the  flew  around  sphere  cf  gas  jet  he  known.  Let  us  attenpt  to 
deteraine,  to  which  radius  cf  sphere  and  in  which  each  number  of  the 
unifesa  incident  flow  this  solution  aost  of  all  corresponds. 

Let  us  take  a radius  of  the  sphere,  strcaxlined  with  the  steady 
flow,  by  such  so  that  the  departurc/wi thdra tal  cf  shock  ware  would  be 
egaal  tc  the  departure/withdrawal  cf  the  shock  ware  of  the  sphere, 
streamlined  with  gas  jet.  This  radius  cf  sphere  let  us  call/naae 
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equivalent  and  let  us  designate  E0. 


let  us  pass  to  the  sjstea  cf  coordinates  sr,  where  s - arc 
length,  aeasured  along  the  duct/ccrtcur  of  tedy,  n - a standard  to 
it.  Regions  ABDCO  and  i'E^C'C'C*  will  take  the  fera,  represented  cn 
fig.  1c,  d. 
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If  stated  problea  had  e>act  scluti.cn,  then  these  regions  would 
ccincide.  In  this  case  the  aach  nuaber  along  the  length  juaip  oust  be 
fcy  constant  and  equal  tc  aach  nuabet  of  unifeta  flow,  the  angles  of 
the  slcpe  cf  junp  and  »2  fcy  x-a*is  Bust  fce  equal.  The  angles, 
feraed  fcy  velocity  vectcrs  f cob  tangent  to  ^uap,  0,  and  02  aust  be 
alsc  equal.  Is  averaged  the  nodule/acdulus  cf  velocity  of  the 
incident  flow  according  tc  any  law.  The  value  cf  this  velocity  let  us 
call/oaae  V,.  This  averaging  weakly  will  jicrcorce  during  the  final 
scluticn  of  problea,  if  H|=Vt/a  is  sufficiertly  great,  which  usually 
is  in  this  problea,  since  fer  the  sphere,  streaalined  with  the  steady 
flew  of  gas,  the  dependence  cf  scluticn  on  aach  nuaber  at  its 
sufficiently  high  values  is  weak. 

Brea  Fig.  1,  it  is  evident  that 

o,  ™ »,  j - »i.  (2) 

"v-M  2' (() 


Brea  focaulas  (2)  and  (3)  it  follows  tkat 

*,  — • i (4) 


but 


S 

'''  K 

•-  i 


(5) 


(6) 
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lor  • - the  angle  cf  tie  slcpe  c£  velccitj  to  the  axle/axis  of 
jet  - analytical  expression,  no,  bet  free  tie  analysis  of  the 
numerical  calculation  of  jets,  it  follows  tlat  the  distribution  of 
the  angles  of  the  slope  cl  the  velocity  in  the  vicinity  of 
larriez/obstacle  can  be  appeoxiaated  by  the  distribution,  which 
corresponds  to  source  with  pcle  cn  the  axis  cf  syaaetry.  Distance 
Icca  eczzle  edge  to  the  center  cf  source  d should  be  taken  for  each 
specific  case,  utilizing  cuierical  calculations  of  jets. 


With  this  approxiastic r 

» = «rc«g  (jf— )-*;■'  (7) 


where  «-  distance  froa  shock  wave  tc  1 arr ier/ctstacle ; a4=  l -d 

l — distance  froa  the  axle/axis  of  OT  rczzle  to 
larziec/obstacle.  All  lineal  diaensiens  arc  referred  to  a radios  of 
nczzld. 


4. 


r 
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After  substituting  expressions  < 5 ) — ( 7 ) intc  equation  (4),  we 
will  pttain: 


l 

Wt 


i 


(«) 


I 


If  in  jet  stands  plate,  then,  by  t ransier/ccnverting  in  equation 
(8)  tc  apparitor  for  R , we  will  obtain  /?„-=«,—«(*)  Thus,  is 

found  a radius  of  sphere  and  a sach  nuiber  cf  the  incident  flow, 

i.e.,  is  approximately  solved  stated  picblei. 

On  the  basis  cf  the  aforesaid,  it  is  possible  to  propose  the 
fcllowinq  procedure  of  the  flow-field  analysis  cf  plate  or  sphere  by 
gas  jet  with  sufficiently  large  underexpansico. 

1.  through  assigned/prescribed  position  of  plate  or  sphere,  we 
find  center  of  fictitious  source.  In  this  case,  it  is  necessary  to 
uxc  the  numerical  calculations  of  jets  (Pig.  2). 

2.  fie  find  Rd  through  fcraula  (I  — «)• 

3.  He  construct  dependence  •-•(*)•  In  this  case,  it  is 

possible  tc  use  the  aaterial,  available  ia  »crk  [4],  or  by 
cuxve/graph  Pig.  3. 

■e  aoie  precisely  foraelate  values  S«  and  I t . 


1 


fig.  3. 


Cage  1C2. 

■e  construct  the  necessary  dependences  for  a sphere  vith  a 
radius  of  B0  in  the  steady  flow.  These  depcrderces  are  simultaneously 
dependences  eg  plate  ox  sphere  in  cas  jet. 

Since  for  jet-edge  prctleis  it  is  actcptcf  pressure  to  relate  to 
pressure  in  nozzle  edge,  then  far  obtaining  its  this  disensionless 
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(tessire  it  is  necessary  to  Multiply  by  tbc  ratio  of  stagnation 

pressure  at  critical  point  to  pressure  iq  nczzle  edge.  Having  data  of 

f 

the  calculation  of  jet  end  departure/with<dr  awal  of  junp  fron  body, 

\ 

this  can  be  Made  with  the  aid  of  the  tables  of  gas-dynaaic  functions. 


fcr  checking  the  correctness  cf  the  procedure  presented  was 
designed  interaction  of  flat/plane  plate  with  tie  gas  jet,  escaping 
behind  nozzle  with  M,*=2  and  *=»U  when  / 3, a.  a. 6;  5.3;  6.0;  6.6; 

10.0.  lhe  lav  of  averaging  vas  undertakeq  slailer  so  that  the 
scaentua  of  the  part  of  tie  jet,  flcwirg  irtc  subsonic  region,  before 
and  after  averaging  would  reaain  identical. 


The  results  of  calculation  are  given  tc  fic.  4.  On  this  sane 
figure  are  plotted/appl iec  the  points,  obtained  in  experiaent.  On 
photo  Fig.  5,  are  plottcd/applicd  the  pciats,  which  correspond  to  the 
shcck  wave,  shown  on  Fig.  4.  The  results  of  calculation  and 
ezpcriaent  converge  satisfactorily.  In  the  regicn  of  supersonic  flow 
with  an  increase  H an  error  in  the  netted  gicw/rises.  This  is 
ccnneated  with  the  fact  that  the  lines  cf  cgual  Bach  nunbers  sharply 
ace  ran  up/turned  to  the  side  of  nczzle,  acc  ia  this  zone  of  flow  no 
lengee  is  siailar  to  the  flew  around  sphere  of  the  steady  flow,  but 
it  approaches  a flow  of  radial  jet  frea  slct  into  the  aediun  with  low 
variable  pressure.  Calculations  according  tc  ap proxiaation  net hod 
should  be  carried  out  fres  />3 < 5 radii  of  tczzle. 


/ / J 

ig.  *. 


i » r/*t 


Tig.  S. 


ig-  S. 

J:  (1)-  [illeg.  ] 
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2.  H.  y&.  Khraaov.  Calculation  cf  inteiacticn  of  the  axisyaaetric 
supersede  underexpanded  jet  with  1 arr ier/clstacle.  HZhG,  1966,  Ho  5. 

3.  N.  y«.  Khraaov.  flow-field  analysis  cf  sphere  of  the 
rcnun|fora  flow  of  gas.  ERA,  Vcl.  29,  isa.  1,  1965. 

9.  Flow  around  blunted  bodies  of  superscnic  flow  of  gas.  coll, 
cf  article  pod.  ed.  0.  R.  Belctser kevskego.  CC  cf  the  &S  USSR,  1966. 

Ibe  aanuscript  entered  6/X  1969. 


tagc  303. 

BCBK  OF  GAS  EJECTOR  IN  1E1  IISSIHIIIE  PBYSKAl  t AHAHETERS  OF  THE 
FIXED  GASES. 

I.  A.  Kukanov,  I.  I.  Hezhitcv. 

Are  given  the  eguaticijs  of  ejection  at  tie  dissimilar  values  of 
the  adiabatic  indax  *.  of  beat  capacitj  at  constant  pressure  rp  and 
the  teaperatnres  of  stagnation  T0  cf  tie  sized  cases,  it  is  shown, 
that  with  preservatioa/Eetetticn/naiataiqinc  Ij  the 
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cc nstant/in variable  of  the  given  velocities  and  pressures  at  the 
entrance  intc  ejectcr  the  value  of  the  coellicient  of  ejection 
changes  inversely  piopcttictal  tc  the  parameters 


» 


ef  i rn, 

e'P  T'n 


and 


Ire  giveg  the  results  cf  the  experimental  investigation  of 
supersonic  gas  ejector  at  ccrstant  teaperatire  cf  braking  ejection 
gas  (f*o=280°K)  and  the  different  values  of  the  tenperature  of 
stagnation  of  ejected  gas  (lO|-280-2C0GK) It  is  establish/installed 
that  with  To**1500-2000°K  characteristic  of  ejector  it  is 
ccnsiderably  worse  than  calculated. 

It  is  shown,  that  the  water  injection  intc  the  jet  of 
low-pressure  gas  improves  tie  characteristics  cf  ejector  and  gives 
tfaca  into  conformity  with  calculated. 

1.  Let  us  exanine  gas  ejector,  in  which  arc  nixed  two  flows  of 
ideal  gas,  that  have  different  physical  parameters  (adiabatic  indices 
aad  specific  heat)  and  temperature  cf  Irak  ire.  let  us  make  the 
fclloaing  assumptions: 


■* 
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the  aixiqg  chaaber  cylindrical^ 

In  the  aixing  chanter,  ccccrs  the  coaplete  nixing  of  gases, 
which  is  not  accoapaniec  ty  cheaical  reactions  and  a change  in  the 
state  cf  aggcegaticr. 

the  paraaeters  of  the  gas  flows,  which  enter  the  aixing  chaaber 
and  which  eaerge  frca  it,  are  distributed  eietly  over  the  appropriate 
sections. 


friction  on  the  cheater  walls  of  fixing  anc  heat  exchange  with 
the  envirocaent  are  absent. 


The  use  of  equations  of  aecharics  for  the  lass  of  gas,  which  is 
Iccated  in  the  aixing  chaaber,  leads  tc  the  following 
relaticnship/ratios,  which  relate  paraaeters  of  gases  at  the  entrance 
intc  ejector  and  at  output  frca  it: 


e(Ai.  r-i)  4 - x) 

(i  + .)e(r;  x*  ) 


(i) 


(flow  equation  with  the  use  of  equation  of  conservation  of  energy) ; 


* (*i)  e <^i»  *') 

« (Ai.»i)  ■+  *') 


=•*(*")/ 


(2> 
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(equation  of  aoaentua  with  the  use  of  equation  cf  conservation  of 
energy) ; 


(equation  of  the  relation  between  the  parameters  of  the  gases,  which 
enter  the  mixing  chaabei) . 


Eaqe  104. 
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W 

l - pres  sore,  I - absolute  teaperatqre*  the  given 

velocity*  ■ - velocity*  </,  - ccitical  speed*  adiabatic 

index*  <7,  and  <■,  - specific  heat  capacities  at  constant  pressure 
and  vplaae*  «*?•/?»*  P - cross-sect  iciial  area  cf  jet*  k=Qt/Q*  - 
coefficient  of  ejection*  C - aass  flow  rate.  Eriae  designates  the 
ejection  gases,  double  priae  - gas  aixture  at  output  froa  ejector* 
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iadex  "1"  - the  ejected  gas,  zero  - iscntrc p ica lly  stagnation  gas. 

ftelaticnship/ratios  1 1 ) — < 2 ) diiier  frci  the  appropriate 
expressions  for  the  case  c£  ejector  with  the  identical  values  T„, 

*.  e„  of  the  aixed  gases  ir  terns  of  the  presence  of  factor  f in  the 
right  side  of  agnations  (1)  and  (2)  and  by  certain  dependence  of 
fupetien  g on  * {at  subscnic  and  saall  supersonic  values  X this 

\ 

dependence  very  weak),  ihese  factors,  as  is  sbevn  the  analysis  of 
equations  (1)  and  (2),  kith  the  specific  re laticnships  of  the 

i 

parameters  at  the  sixinc  chauber  inlet,  can  lead  to  the  fact  that  the 
velccity  of  aixture  at  cutpct  froa  ejector  kill  be  sonic.  This 
eperating  node  liaits  the  possibility  cf  ftitber  increase  in  the 
coefficient  of  ejection  during  the  decrease  cf  pressure  at  output 
fxca  ejector  and  in  this  sense  is  aaxiaua.  tcueier,  thus  far  this 
conditions/node  is  not  achieve/reached,  the  effect  of  the  factors 
indicated  cn  the  work  of  ejector  in  aa«y  instances  is  saall. 


inother  possible  aaxiaua  node  of  operation  of  ejector  is,  as  is 
kneunj  the  so-called  "critical"  cc  rditiens/aede,  discovered  by  f! . D. 
Hillicntsikov  and  G.  N.  Byatinkcv,  who  corresponds  to  the 
acceliraticn/dispersal  cf  the  ejected  gas  in  the  beginning  of  the 
■ixing  chaaber  to  the  trarscnic  speed  as  a result  of  the  expansion  of 
the  saperscnic  flou  of  the  ejection  gas. 


\ 
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the  supplementary  limitation,  which  critical  behavior  is 
superimposed  on  the  parameters  cf  gases  at  the  fixing  chamber  inlet, 
can  bfe  expressed  by  the  following  approximate  relationship/ratios1: 


kU  - 


*('j)  z(k) 
2 (A,)-  2 


(I.  x) 

v(i.»i)('-t «)  -e(*i.  *i) 


H> 

(5) 


FCQTNCTE  >,  Yu  N.  Asil'yev.  Theory  of  scperscfic  gas  ejector  with  the 
cylindrical  mixing  chamber.  In  the  collection  "rotodynanic  machines 
and  jet  apparatuses'*.  Iss.  2.  H.,  •machine-building",  using  1967. 
EMEFOG1HOTB. 

Page  105. 

Here  Aa  -average  value  cf  the  given  velocity  cf  the  ejection  gas  in 
the  section  where  in  the  ejected  gas  is  reached  the  speed  of  sound. 

From  eguations  (3)  mad  (4)  it  follows  further  that  a difference 
between  parameters  T0,  >,  cp  the  mixed  gases  at  any  node  of 

operation  cf  ejector  will  affect  nest  strongly  the  coefficient  of 
ejection,  so  that  when  the  effect  cf  the  parameters  of  gas  on  values 
?(>.*>  and  f small,  it  is  possible  to  count  that 

V * i 
TT, 


V * t 


(6) 
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Value  kdb  can  be  naacd  the  given  coefficient  of  ejection.  Pros 
re  latjcnship/ratio  (6)  it  fellows  that  if  we  present  the 
characteristics  of  the  ejectors,  which  have  the  identical  parameters 
°»  E'o/P"  o*  in  the  ferv  of  dependences  ktt-#(v),  then,  in  spite 

cf  a difference  in  the  paraieters  cf  the  ejection  and  ejected  gases, 
these  characteristics  will  virtually  ccincice. 

this  position  is  retained  until  are  disrupted  the  conditions  on 
tasis  cf  which  are  obtained  these  giver,  abcie  relationship.  Chief 
aweng  then  it  is  supposition  about  the  coaplete  airing  of  gases  in 
the  chaober  of  nixing  cl  ejectcr. 

2.  Effect  of  difference  ir  teiperaturer  cf  stagnation  and 
physical  properties  of  gases  on  work  of  ejectcr  was  investigated  on 
acdel  cf  ejector  with  cylindrical  fixing  Chester  with  a diaaeter  of 
d=294  an.  Gas  mixture  was  discarded  fica  ejectcr  in  the  atmosphere 
through  the  subsonic  exit  ccne/dif f uaar.  Is  the  ejection  gas  was 
utilised  the  air  (T,om’2S0°K9  *' = M).  which  entered  the  ejector 

through  the  supersonic  annular  nozrle  (X»*1.88)  on  the  periphery  of 
the  aixing  chamber. 
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The  teaperature  of  stagnation  cf  the  ejected  gas  which  entered 
ejector  frea  gas  generator  along  cylindrical  channel,  could  change  in 
tlpe  range  tol  = 280-2C00°K  (ccrresponding  values  cf  adiabatic  index 
*»><  i.w)  The  specific  heat  of  the  nixed  gases  were  approximately 
identical. 

The  given  coefficient  of  ejection  k#b  has  determined  froa  the 
fcitula 


m = a 


r> ii  i'i> 
Q’ 


where  A - constant,  depending  on  the  physical  .constants  of  gases  and 
cecaetric  diaensions  of  ejector. 

Buring  experiaents  were  realixe/accoaplishcd  all  the 
■easureaents,  necessary  for  deteraining  of  the  fundaaental 
characteristics  of  ejector. 

Vhe  results  of  experiaents,  obtained  at  tctal  pressure  p'0s5.7 
ata(ats.),  are  represented  on  fig.  1 in  the  fora  of  dependences 

At  the  total  pressure  indicated  high-pressure  gas  and  the 
identical  temperatures  cf  stagnaticn  of  the  mixed  gases,  the  ejector 
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worked  in  ccitical  behavior  in  all  investiceted  range  of  a change  in 
the  coefficients  of  ejection. 

Calculated  curve,  which  corresponds  tc  critical  behavior  of  the 
work  of  ejector,  designed  cn  fcraulas  4 3)  — | f ) , is  plotted/applied  Na 
Fig.  1 in  the  fora  of  solid  line.  It  is  evident  that  the  experiaental 
points,  obtained  at  the  idcrtical  teipeiattiee  cf  stagnation  of  the 
•ixed  gases,  well  will  agree  with  calculation  data.  The  results, 
cbtained  with  Tot=800°F,  are  also  clcse  to  calcdated.  However,  the 
dependences,  which  correspcrd  tc  tie  higher  temperatures  of  ejected 
gas  (®o,  = 1500-2000°K)  , sharply  differ  ftoa  calculated  curve  with  <r£5, 
ejectcr  transfer/ccnverts  in  these  two  cases  tc  the  subcritical 
eperating  node.  The  atteapt  to  iaprove  the  characteristics  of  ejector 
via  an  increase  in  the  length  cf  tie  aixiag  ebaaber  fros  /■  & to  the 
diaieters  cf  the  caaera/ebaaber  to  /=*=!<>  tc  diaieters  did  not  give 
the  results  (see  Pig.  1). 

this  the  which  contradicts  calculation  charge  in  the 
characteristics  of  ejector  can  be  explained  by  deterioration  in  the 
process  of  the  aixing  of  gases  with  the  increase  of  the  teaperature 
cf  loa~pres8ure  gas.  On  Fig.  2,  is  represented  the  dependence  of  the 
velccfty  of  ejected  gas  <»„  in  the  secticr  where  during  critical 
kehav|or  of  aork  it  reaches  tie  speeds  cf  sound,  froa  teaperature 

Here  noted  average  value  cf  the  velocity  cl  the  ejection  gas  in 
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the  same  section  H*2  (with  T*o=280cK).  It  is  evident  that  with  an 
increase  in  temperature  T01  the  diiferecce  in  velocities  in  this 
sectipn  decreases  and  with  lots1G0C°K  they  ere  equalized. 

Thus,  the  conducted  experiaertal  investigation  detects  sharp 
deterioration  in  the  prccess  cf  wiling  during  the  equalization  of  the 
velocities  of  the  mixed  flows  in  the  beginning  cf  the  camera/chamber 
cf  ejector. 

Page  106. 


Eet  us  note  that  the  equality  gas  velccities  at  the  entrance 
into  ejector  and,  consequently,  also  deterioration  in  the  nixing,  can 
he  not  only  with  a difference  in  the  temperatures  of  stagnation,  but 
also  tot  difference  EETHIEH  specific  heat  cP  aud  the  adiabatic 
indicts  * cf  the  mixed  gases. 

3.  One  Cf  methods  cf  improvement  in  mixing  of  jets  with 
and  high  values  T0t  is  coding  low-pressure  gas  before  its  feed  into 
chamber  of  mixing  which  can  be  realized  via  water  injection  into 
lcq-pressure  circuit. 
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later  injection  into  tie  jet  cf  hot  let-pressure  gas  affects  the 
process  of  ejection  as  fcllcMs: 

as  a result  of  evaporating  water  decreeses  teaperature  of 
stagnation  T0I  and,  consequently,  also  critical  speed  «*i  This 
ccntributes  to  an  iaproweaent  in  the  process  of  airing  in  ejectorj 

aater  injection  increases  the  weight  flew  rate  of  the  ejected 
gas,  raises  the  coefficient  cf  ejectici  k acd,  therefore,  contributes 
tc  the  decrease  of  coapression  ratio  of  ejector^ 


d 


V 


a teaperature  decrease  T 

*>i  K 


ep  rm 


which  in  turn. 


oi  leads  tc  the  decrease  of  paraaeter 
leads  to  an  increase  in  coapression 


ration 


The  total  effect  of  water  injecticc  on  ccapression  ratio  with 
ccaplete  ailing  is  deterained  bj  a change  in  the  given  coefficient  of 
cjcct|cn  klb. 
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On  Fig.  3,  is  represented  dependence  =/(ir>,  where  - the 
ceqsuaption  of  Mater  to  the  unit  of  the  ease  cf  low-pressure  gas,  its 
required  for  reduction  cf  teaperatcre  cc  Al  [°K]  during  the  coaplete 
evaporation  of  water.  During  calculations  it  Mas  accepted  that  the 
initial  teaperature  of  cas  tas  equal  tc  2023°K,  and  the  initial 
teaperature  of  Mater  of  303CK.  Certain  representation  of  value  AT, 
required  fer  restoring  goed  nixing,  gives  Fig.  I,  where  are  given 
dependence  a^j/W** f (AT)  litl  the  sale  as  arc  afccve,  the  original 
values  of  the  teaperatmes  cf  gas  and  Mater,  also,  at  B'-620  a/s 
(X  *-2  with  T»d=230°K). 
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The  effect  of  water  injection  on  the  given  coefficient  of  ejection  is 
illustrated  Fig.  5,  where  is  given  dependerce  Mb/  (k*b)  G=f  (AT)  ; 
jklt)s  corresponds  to  initial  state  cf  the  gas  without  injection, 
during  the  conplete  evaporation  of  water,  the  given  coefficient  of 
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ejection  even  somewhat  descends. 

Expedients  confined  tfce  effectiveness  cf  eater  injection  into 
tie  hot  ejected  gas  for  restoring  the  aixing  ir  ejector.  To  Fig.  6, 
is  given  experimental  dependence  (k8t), „=£,(•) , attained  vith  injection 
into  bet  water  jet  with  relative  ccnsumpticx  ~ = 0.35  -0,52.  Datun 

VI 

temperature  Tol=1700K,  pressure  p*es.6.5  atm  (atom.).  By  the  shaded  band 
is  shown  the  experimental  dependence  fer  critical  behavior,  obtained 
with  1 oi^'o-  if  is  evident  that  the  water  injection  led  to  the 
restoration/reduct ion  of  critical  hehavior  cf  the  work  of  ejector. 

Bata  are  acquired  at  the  length  of  the  supplying  circuit  of  the 
steam-gas  aixture  1*5  a*  and  the  relative  length  of  the  chanber  of 
■ ixing  cf  ejector  j = 11.5. 

FCC1HC1E  ».  The  completeness  of  the  evaporation  of  water  is 
deterained  at  the  assigned/prescrited  gas  velocity  by  the  absolute 
leagth  of  the  cond uit/manif cld,  in  which  occurs  the  evaporation, 
i.e.,  by  the  retention  tiae  cf  the  drops  of  water  in  hot  gas. 
EBDFOOTROTB. 

Coring  these  experiments  is  noted  certain  deterioration  in  the 
characteristics  of  ejector  in  the  case  in  comparison  with 

initial  characteristics,  which  is  explained  apparently,  by  an 


\ 
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increase  in  the  nonuniferai ty  cf  irlct  velocities  into  the  aixing 
chanber,  by  the  caused  elengatien  cf  feeders  during  the  organization 
cf  uater  injection  (exeaplary/apprcxinate  length  of  the  supplying 
leu-pressure  channel  of  30  fores,  and  high-pressure  - 50  bores). 

In  the  case  of  good  fields  at  the  entrance  into  ejector,  one 
should  expect  an  even  larger  isprevenent  it  its  characteristics  with 
hater  injection  into  the  hat  jet  cf  les-presssre  gas,  i.e. , the 
decrease  of  the  required  pressure  p'0  in  the  verk  of  ejector  in 
critical  behavior. 


F>f 
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EFIFCV  CF  KING  VORTEX  SYSlff!  IN  TUI  ABSENCE  OF  IIFT  ON  ITS 
STREAMLINING  AT  LON  ANGLES  CF  ATTACK. 


Krf  K.  Eedyaevskiy,  N.  N.  Fcnin. 


it  is  experimental  that  the  character  of  the  flew  around  thick 
rectangular  low-aspect-ratic  wing  flat-topped  at  zero  angle  of  attack 
in  cany  respects  is  deterxined  and  the  character  of  its  flow  at  low 
angles  cf  attack  and#  therefore,  affects  lift  Vernation. 


The  existing  methods  cf  calculation  of  the  bearing  capacity  of 
wing  dc  not  consider  the  character  cf  its  flow  in  the  absence  of 
lift.  Meanwhile  it  is  already  leng  reveal/detected  that  the  wings 
with  symmetrical  airfoil/prefile  at  zero  arcle  cf  attack  possess  the 
system  of  the  end  eddy/ vortices,  caused  by  cetecbed  flow  of 
emd/fSces.  Since  during  trarsiticn  frem  zerc  angle  of  attack  to  small 
angles  the  vortex/eddy  system  cannct  completely  be  broken  and 
disappear,  it  is  of  interest  tc  explain  that  in  which  measure 
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vcrtes/eddy  system  at  lev  angles  cf  attack  retains  the  features, 
ufaich  ace  inherent  in  it  at  zero  acgle. 

las  investigated  the  flov  around  of  the  wing  of  rectangular 
planfprm  vith  elongation  A=  1,  with  airfoil/ fro f ile  NACA-0018.  Chord  b 
and  the  span  of  ving  were  equal  to  0.8  a.  Mixig  had  flat/plane 
end/faces.  Testings  vere  conducted  in  a retern-flov  wind  tunnel  with 
the  open  test  section  at  the  angles  cf  attack,  equal  to  zero  and  5°, 
and  the  rate  of  flow  Vo-40  n/s  (Re=2.5«1Q*)  . ling  was  fastened  to  the 
special  installation,  connected  with  cccrdinate  spacer  apparatus,  to 
two  brackets  in  the  middle  cf  lower  surface.  Thus,  brackets  did  not 
affect  the  flow  around  suction  side  of  wing,  end/faces  and  lower 
surface  near  end/faces.  Fig.  1,  shews  the  adopted  system  of 
epordinates. 

Complete,  dynaaic  and  static  pressures  and  local  down  washes  in 
vertical  and  horizontal  planes  near  the  vjrg  surface  were  measured 
with  the  aid  of  the  five-ritbed  nozzle,  fas  ten/strengthened  in  the 
coordinate  spacer  apparatus,  aakinc  it  possible  to  aove  nozzle  in  the 
direction  of  the  connected  kith  aodel  axle/axes  Oxt,  Oy,  and  Oz,  and 
tp  rotate  it  around  the  axle/axis,  coinciding  with  the  direction 
axle/axis  Czt. 


"i— xmn,  > 1 1 
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Fags  110. 

4n  the  measured  dynamic  pressures  and  local  downwashes  in 
vertical  and  horizontal  planes,  were  determined  transverse  component 
of  local  velocity,  i.e.,  the  components  of  rate,  lying  at  the  planes, 
parallel  to  plane  ztOyt. 

llthough  the  study  ol  wing  vortex  system  fc j field  measurement  of 
velocities  and  pressure  around  wing  is  vesj  laborious,  it  has  known 
advantages  before  the  study  of  wake  kith  the  aid  of  spindle,  since  it 
gives  the  more  complete  picture  of  the  formation  of  eddy/vortices, 
their  intensity  and  direction  cf  rotation* 

the  lines  of  equal  static  pressures  .(isctaz)  and  of  the  field  of 
transversing  speeds  near  vir.g  with  <*=  0 are  represented  in  Fig.  2 and 
3«  Cn  these  curve/graphs  are  shown  the  values  and  the  position  of 
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■ininio  pressure  near  the  wing  which  iq  the  first  approximation, 
deteraines  the  position  of  vertex  core  relative  to  wing. 

In  leadiqg  edge  where  its  thickness  increases  (see  Fig.  2),  and 
transwersing  speeds  are  directed  frea  wing,  the  flow  around  the  edges 
cf  end/face  leads  to  breakaway  and  to  foraaticc  on  the  end/face  of 
two  eddy/vortices  of  large  intensity,  however#  these  eddy/vortices 
sufficiently  rapidly  lese  their  intensity.#  they  are  sucked  to  the 
edges  cf  ecd/faces  and  diffuse. 
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Elf.  3. 


Page  111. 

Jn  area  after  the  greatest  thickness  ci  tic  airfoil/profile  (see 
Pig.  J),  where  the  transversing  speeds  are  circcted  toward  wing,  the 
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flew  around  the  edge  of  end/face  leads  to  tie  emergence  o£  two 
syw wetcically  arranged/located  edd y/vortices  ateve  the  upper  and 
under  pressure  side  of  wing.  These  eddj/vor tices  have  opposite 
direction  of  rotation  it  comparison  with  e dcy/vcrtices  on  the  front 
cf  the  wing  and  they  sufficiently  rapidly  lose  their  intensity. 


isobars  and  the  fields  of  transversing  speeds  it  near  covered  at 
a*5°  were  given  in  rig.  4 and  5.  At  this  aicle  just  as  at  zero  angle 
sc,  as  at  zero  angle  of  attack,  near  the  wieg  leading  edge  are  foraed 
two  end  eddy/vortices  cf  different  intensity.  It  this  case,  the  upper 
end  eddy/vortex  of  weak  intensity  and  clockwise  rotation  rapidly 
diffuses. 

On  the  picture  of  the  field  of  transversing  speeds,  one  can  see 
well  the  overflowing  frew  lewer  surface  tp  upper.  Because  of  the  flow 
axeend  the  lcyer  sharp  edge  of  the  end/faac  of  wing  is  fooaed  the 
eddy/vortex  of  the  large  power  of  counterclcckw jse  rotation,  who  near 
trailing  edge  loses  its  intensity. 

On  suction  side  of  wing  near  «nd/£ace,  in  area  of  the  greatest 
prefile  thickqess  xt/b=Q.315,  arises  tie  ecdj/vcrtex  of  the  large 
intensity  of  identical  direction  of  rotation  with  lower  en;d 
eddy/vortex.  This  eddy/vortex  ccnvezges  frci  trailing  wing  edge  near 
cad/face. 
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Fig.  6#  shows  the  position  of  the  aioiauis  cf  pressure  in  vortex 
core  relative  to  the  enc/face  cf  uiqg  along  its  chord  which  in  the 
first  rough  approximation  lake  it  possible  to  judge  the  location  of 
vertex  core  relative  to  wing. 

< 


CCC  = 78103907 


PAGE  r 


Page  112. 


The  ccnpacison  of  th«  fields  cf  transvcrsing  speeds  at  a=  0 and 
5°  ehgws  that  the  cbaractec  of  floe  acouqd  cf  the  wing  at  zero  angle 
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of  attack  in  aany  respects  deteraiges  tie  character  of  floe  at  the 
aagle  of  attack  of  5°.  In  fact,  the  ccapariscg  Fig.  2 and  4 shoes 
that  about  the  wing  leading  edge  tie  end  e dcy/vcrtices,  discovered 
eit.h  e=Q,  are  retained  at  e»5°.  In  this  case,  tie  end  eddy/vortex, 
arxange/located  neater  tc  pressure  side  of  tigg,  during  transition 
fica  e=0  to  o=5°  it  beccaea  aore  ir.tense,i  wtereas  the  intensity  of 
the  eddy/vertex,  arrange/located  is  nearer  to  upper  surfaoe,  it 
virtually  reaains  constant/invariatle.  the  location  of  the  centers  of 
end  eddy/vortices  in  these  sections  alsc  little  is  changed:  during 
transjfcticq  froa  <r=0  to  o*5®  (see  Fig.  6).  Ctly  in  section  with 
x,/b=0.375  at  the  angle  of  attack  cf  o=5°  eddy/vortex  is  considerably 
acre  intense.  Thus,  the  character  cf  flew  accuEd  of  the  wing  the  zero 
angle  c£  attack  affects  lift  fcraaticn. 


CGC  - 78103907 


PAGE  1^ 

Eage  113. 

StIOEY  OF  THE  VORTEX  SYS1EH  CF  EELICCETEE  EC1GB. 

V.  G.  Kolkov. 

By  the  aethod  of  visualization  is  investigated  the  vortex/eddy 
sy^tea  of  helicopter  rater  vith  its  circular  blcving  over  a vide 
range  cf  the  flight  speeds  and  valves  of  specific  load.  Is 
establish/installed  the  dependence  cf  the  fera  cf  vortex/eddy  systea 
cn  the  rate  cf  the  undisturbed  flov  and  on  specific  load  on 
screv/propeller.  Are  determined  the  feras  cf  vertex  systeas  in 
different  aodes  of  operation  of  rotcr.  Are  estaklish/installed  the 
limits  cf  the  applicability  of  the  existing  aocels  of  vortex  systeas. 

Helicopter  rotor  flovs  itself  both  at  siall  and  at  large 
positive  and  negative  argles  of  attack  (-9C*^a$«90°)  over  a vide 
ragge  of  flight  speeds,  including  the  aede  cf  operation  of 
screv/propeller  on  the  spet.  In  connection  vith  this  is  observed  the 
diversity  of  the  foras  cf  the  vertex/eddy  sjstea  of  screv/propeller 
vith  very  ccaplex  problem  of  induced  velocities  into  surrounding 
screv/propeller  space.  The  analysis  cf  this  field  is  important  for 
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deteraining  of  the  aerodynamic  characteristics  cf  rotor  and  systeas 
cf  sccew/propellers  taking  intc  account  their  actual  induction,  and 
disc  for  the  solution  of  the  nusfcer  of  questions  of  the  interference 
of  the  rotor,  wing  and  ether  cc  11/eleaepts  cf  helicopter.  Therefore 
the  experimental  study  cf  the  vortex/eddy  systca  of  rotor  in 
different  nodes  of  its  operation  represents  practical  interest  and  it 
sake s it  possible  tc  a certain  extent  tc  explait  the  essence  of  the 
ccctrxing  in  flow  physical  processes. 


One  of  the  effective  aetheds  cf  the  study  cf  the  vortex/eddy 
systea  of  screw/propeller  is  the  aethod  of  visualization  the  fuae  of 
the  eddy/vorticesy  which  disappear  frea  blace  tips.  The  first 
experiments  cq  the  basis  of  this  method  were  carried  out  A.  S. 
C*yachenko  [ 1 ] in  1957  on  tte  ncdel  cf  screw/prcpeller  in  oblique 
flow  aith  small  a and  under  conditions  cf  vertical  descent. 


in  this  article  ace  given  seme  results  cf  the  study  of  the  foras 
cf  voctex/eddy  systea  with  the  circular  blowing  of  screw/propeller  in 
tba  vertical  wind  tunnel  cf  TsAGI. 

The  tests  were  carried  cut  on  the  model  cf  two-bladed  propeller 


2.1  a in  diaaeter.  For  the  visualization  of  voxtex/eddy  systea,  was 
utilised  the  ail  fuae,  produced  free  blade  tip.  Propeller  hub  was 
eqaipped  by  extenscaetric  talance  for  aeasuxiag  the  total  aerodynaaic 
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characteristics  of  s crew/prcpeller . Id  the  process  of  experiment,  was 
conducted  the  high-speed  filming  of  the  visualized  vortex/eddy 
system. 

fig.  1,  depicts  the  climb  regime  mo  vertical  line  with  a low 

v* 

speed  of  lift  of  =tO,or>,  where  - a speed  of  flow  iJn  wind 

tuqnel,  w - the  angular  rate  of  rotation  of  screw/propeller,  R - a 
radius  cf  screw/propeller.  It  is  evident  that  in  this  case  is  valid 
the  vortex/eddy  diagram,  it  is  propcsed  to  If.  E.  Joukowski. 

Page  114. 

N.  le*  Zhukovskiy* s vortex/eddy  diagram  occurs,  also,  during  the 
seif f iciently  rapid  reduction  when  rate  cf  descent  lV<_2,5,  where 
t'“  - average  on  the  swept  disk  induced  velocity  while  hovering.  In 

these  conditions/a  odes  the  induced  velocities,  created  by 
screw/propeller,  are  low  in  ccmpariscn  with  the  rate  of  the 
undisturbed  flow. 

■nder  conditions  ol  reduction  with  low  speed,  the  flow  pattern 
cf  scsew/propeller  significantly  changes.  It  this  case  the  caused  by 
free  vorticity  are  commensurable  with  the  rates  of  the  motion  of 
vortey  elements.  The  cell/elements  of  free  vortices  move  so  slowly 
that  they  manage  to  be  kreken  in  close  to  tie  screw/propeller  of 
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axea.  Is  observed  the  expansion  cf  vortex/ccdy  system,  caused  by  the 
fact  that  the  limited  as  a cesult  cf  diffusion  system  of  free 
voxtices  induces  the  rates  radial  eexpenents  which  are  directed 
toward  periphery.  This  expansion  can  occur,  obviously,  only  in 
viscoas  fluid. 

litb  an  increase  in  tbe  rate  cf  descent,  vertex/eddy  system 
approaches  a plane  of  tte  rctation  of  screw/prcpeller  (Fig.  2a).  In 
connection  with  this  the  induced  velocities  ip  this  plane  grov/rise. 
Ead  vprtex/eddy  vortex  cores  have  ccxplex  spiral-shaped  fora.  Is 
observed  the  conditions/acde  "vortex  ring",  special 
feat  us  e/peculiarity  of  khich  is  the  annular  action  of  the  aasses  of 
air  around  vortex  bands,  free  vertices  under  these  conditions  create 
ia  flgw  high  turbulence,  which  causes  the  increased  agitation  of 
helicopter. 


w 


Pig.  1.  Conditions/aode  of  vertical  lift: 

a *U  . 4 { U.mmO;  V . ^ I 


6)  ••*#* 


Fig.  2.  Coaditions/aodes  of  the  vertical  descent: 

•)  a - ‘JU\  c i .0.013;  V 1.6J 

t>)  a a «M  . r;  0.013.  V * 1 h* 
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fith  further  increase  in  the  rate  cf  descent,  free  vortices  are 


t I 
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l taken  away  upstreaa  (Pig.  2fc),  which  leads  tc  tie  decrease  of  induced 

velocities.  The  observed  expansion  of  vcrtex/eccy  systea  can  be 
explained  by  different  acticn  cf  the  individual  sections  of  this 
systea  on  each  other.  The  vertex  eleaeqts,  arrange/located  far  froa 
the  plane  of  the  rotation  of  screv/propeller,  produce  near 
screw/propeller  the  induced  velccities  radial  ccaponents  which  are 
directed  outside,  which  leads  to  the  expaasicq  cf  systea  after 
scsew/propeller . The  cell/eleae nts  cf  eddy/ tort  ices,  located  near 
screw/propeller,  produce  at  the  outlyiqg  edcy/vcrtices  the>  induced 
velocities  radial  ccaponents  which  are  directed  teward  screw  axis, 
which  with  respect  gives  tc  cectair  contraction  of  the  expanded 
voxtei/eddy  systea.  As  network  for  these  aerditions/aodes,  it  is 
passible  to  accept  the  apprcxiiate  theoretical  diagraa,  assuaed  by 
Yei  S/  Vozhdaev  [2]. 

The  visualization  cf  the  tip  vortexes  cf  screw/propeller  with 

diffexent  values  '•*>  sad  >-.  — 0,5  Vcr  (where  •> r — force 

coefficient  of  propeller  thrust,  T - tie  thrust  of  screw/propeller, 

* Sir  density  of  the  earth/ground)  it  shews  that  the  essential 
trans|craation  of  the  vortex/eddy  systea  of  scrcv/propeller  occurs  at 

— 2,5  < V00<-«.5. 

the  rates  of  descent,  which  correspond  to  interval  Out  of 

A, 

this  sange  of  rates,  is  valid  the  cylindrical  vertex/eddy  diagraa, 
propound  to  I.  Ye.  Zhukovskiy. 
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Under  conditions  of  oblique  blowiqg,  tie  rctor  tested  over  a 
wide  range  of  angles  of  attack  (-6C°£a^60°) . 

(n  large  negative  angles  of  attack  (fig.  3)  real  vortex/eddy 
system  satisfactorily  corresponds  tc  tie  vertex/eddy  model  of  rotor 
in  oblique  flow,  proposed  by  G.  I.  Maykapar  [3].  In  these 
coqditions/aodes  the  vortex  elements  are  arrancc/located  at 
considerable  removing  from  plane  tie  cctakicD  cf  screw/propeller . The 
produced  by  then  induced  velocities  in  this  piece  are  small.  Under 
the  conditions  of  the  oblique  blowing  -of  sc  tew/ propeller  at  angle  a=0 
(fig.  4a)  the  observed  deviation  of  verteje/e  ddy  systea  from  the  plane 
cf  rotation  occurs  only  doe  to  the  presence  axial  component  induced 
velocity  which  is  commensurable  with  the  rate  cf  the  undisturbed 
flow.  The  angle  of  the  slcpe  of  the  obtained  in  this  case  vortex/eddy 
cylinder  depends  both  or.  the  velocity  of  tbc  incident  to 
screw/propelier  undisturbed  flew  aqd  frem  *the  value  of  load  on 

( cos « \ 

screw-propeller.  At  high  flight  velocity  y >0,15 J vortex/eddy 

system  can  be  considered  plane  (Fig.  4h). 
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fig.  I.  Clint  with  . - »>. 

|t  f — 0, 111 2.'1 

fig.  %.  Flat/plana  vortea/eody  systea  with  o=0  and  rT ' 

»i  1*  s n.nr.:  ft|  n ~ n.js 
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Induced  velocities  in  these  conditions/aodcs  arc  negligible  in 
ccapazisoq  with  the  rate  cf  the  incident  be  sc icu/propeller 
oadisturbed  flow.  According  to  given  L.  S„  Sil*dgrube  [4],  the  vortex 
sheet  Mill  be  virtually  flat/plane,  if  I c,.  then  rT  = 0.0095  find 

*,>0.112.  Thus,  this  relaticnshiE/r atic  is  satisfactorily  coafireed  by 


1 
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Considerable  interest  represents  the  investigation  of  the 
insufficiently  studied  ccrditic ps/icdes  of  the  steep  glide.  During 
gliding/planning  at  angle  of  a-30°  with  p»*C.C5  end  light  load  on 
screw/propeller,  the  fern  of  vortex/eddy  syster  is  close  to  the 
theoretical  schenatic  of  oblique  vertex/eddy  cylinder  (Pig.  5a) . with 
an  increase  in  the  load  on  screw/ptcpeller,  the  rate  of  th;e  notion  of 
the  cell/elenents  cf  free  vortices  bcooies  Jess,  that  leads  to  nore 
intense  eddy  diffusion  as  a result  of  the  grown  effect  of  the  forces 
cf  viscosity  (Pig.  5fc)  and  to  the  destruction  cf  vortex/eddy  systen. 
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Fig.  6.  Gliding  condition  with  • t*  ul-  '/ 


fig.  1.  Copditiona/aodes  c£  the  steep  glide  at  o = 60°  and  p~0.05: 

,,  t UirH/  A|\  * ! 
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lh*£,  usual  vortex  conceptions  prove  to  be  inapplicable  to  the 
calculation  of  these  cord  it ic is/ nodes.  Calculation  according  to  the 
schenhtic  cf  oblique  voxtex/eddy  cylinder  here  it  is  possible  to 
carry  out  only  with  very  low  values  of  the  quactity  of  specific  load 
ca  screw/propeller.  At  larger  gliding  speed  (Pig.  6)  is  noticeable 
end  of  vortex  deforaaticn  hands,  caused  by  interaction  of  vortex 
elements  with  each  other.  Fcr  these  ccyditiccs/Bodes,  apparently,  one 
should  apply  the  nonlinear  calculation  aetteds,  which  consider  the 
deferaation  of  vortex  eleaents. 
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During  the  investigation  cf  the  cc edit icns/iodes  of  the  steep 
glide  at  angle  of  p=60°  (Fig.  7)  was  observed  the  nonuniform  it y of 
the  mgtion  of  the  cell/clements  of  free  vortices  along  the  disk  of 
screw-propeller . The  rate  of  the  metien  of  vortex  elements, 
e-iting/waste  from  the  rear  end  of  the  disk  of  screw/propeller,  is 
smaller  than  the  rate  of  the  metier  cf  vortex  elements,  exiting/vaste 
frem  its  front/leading  part.  Vertex/eddy  cylinder  is  retained  at 
considerable  removing  from  the  plane  cf  the  rctation  of  1 

screw-propeller,  and  the  qcted  nonuniformity  of  the  motion  of  vortex 
elements  is  observed  within  the  liiits  cf  the  chligue  vortex/eddy 
cylinder  (see  Fig*  7a).  With  high  value  specific  load  on  the 
screw-propeller  (see  Fig.  7t)  vortex  elements  it  the  rear  end  of  the 
disk  gf  screw/propeller  tra rsf er/cogvert  veder  the  plane  of  rotation. 

Thms,  vortex/eddy  system  is  arrange/lcc ate c from  two  sides  from  the 
place  cf  the  rotation  of  screw/propellcr. 


Fig.  7b,  shows  the  dark  vortex  core  pf  the  blade/vane,  from 
which  the  fume  was  not  discharged.  As  we  see,  fvne  does  not  fall  from 
withomt  into  vortex  core.  Ibis  means  that  tie  vertex  filament  near 
screw-propeller  consists  of  one  and  the  same  particles  of  the  air 
(vortex  filament  is  moved  together  with  ait),  that  it  corresponds  to 
Helmhgltz*  second  theorem.  Thus,  in  this  case  the  effect  of  diffusion 
near  mcrew/propeller  is  small  and  it  can  be  disregarded. 
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IXBCTEATIONS  OF  LIQUID  IN  CSLINDBIC1L  CCMllNfB  1ITH  CIRCULAR  BAFFLE. 

I.  V.  Kclin. 

Is  examined  determination  ty  the  method  of  direct/str aight 
dynaaic  characteristics  of  the  fluctuations  of  the  liquid,)  which 
partially  fills  cylindrical  cavity  ifith  circular  partition/baffle.  Is 
given  the  ccaparison  of  the  results  cf  calculation  with  the  results 
of  experiment. 

Cor  an  increase  of  oscillaticp  damping  cf  liquid  in  cavities, 
are  establish/installed  different  daaping  taffies:  circular, 
lpngitudiqal,  perforate/punched  and  sc  forth  £1}.  Since  the 
theoretical  analysis  of  the  dyiaaics  of  liquid  in  such  cavities  is 
complex,  at  present  during  determining  cf  the  dynamic  characteristics 
cf  the  fluctuations  of  liquid  (natural  vihxaticc  frequency  u,  the 
moving  mass  of  liquid  a,  the  coordinate  of  the  point  of  the 
application/appendix  of  flow  forces/)  in  cavities  with 
paxtiticn/baf fles  the  dcaiqant  role  playg  experiment.  Experiments 
showed  that  the  setting  it  the  cavity  cf  circular  partition/baffles 
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during  the  fluctuations  of  liguid  leads  tp  tfcc  appearance  of  the 
eddy/vortices  whose  intensity  dete nines  the  dissipation  of  kinetic 
energy,  i.e.,  the  attenuaticn  of  its  f luct »atic|s.  Furtheraore, 
introduction  into  cavity  with  the  liguid  of  the  daaping  baffles  leads 
to  a change  in  the  dynaiic  characteristics  cf  the  fluctuations  of 
liguid  u , a,  l • 

The  approximate  theoretical  studies  pf  the  dynanics  of  liguid  in 
cylindiical  cavity  with  the  circular  partit  ica/faf f les  of  snail  width 
is  given  in  work  [2]. 

In  this  article  is  examined  the  soluticn  ky  the  aethpd  of  the 
straight  lines  of  the  pictleo  cf  the  fluctvaticgs  of  liguid  in  cavity 
with  the  circular  partition/baffle  arbitrarily  cf  width,  this  aethcd 
nakes  it  possible  to  rate/estiaate  a change  in  the  dynaaic 
characteristics  of  the  fluctuations  of  ligvid  dcring  introduction 
intc  cavity  with  the  liguid  cf  circalar  par tit icn/baf f le. 

Calculations  by  the  aettpd  cf  straight  lines  shewed  that  on  the 
level*,  close  to  partit icn/kaf fie,  the  cha racte ristics  of  the 
flactaations  of  liguid  differ  significantly  fret  the  appropriate 
characteristics  iq  cavity  aitheut  parti tip n/kaf fie. 

the  results  of  calculation  by  the  aethcd  of  straight  lines 
satisfactorily  will  agree  with  the  resalts  cf  experiaent. 


>r  . 

» 
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§1i  Derivation  of  the  equation  of  the  frequencies  of  liquid. 

In  cavity  at  a distance  h«  under  free  surface  of  liquid  is 
establish/installed  circular  parti tion/taf f le  by  width  (Fig.  1). 

{t  is  known  that  the  pxoblen  cf  the  aatural  oscillations  of 
liguid  is  formulated  as  fellows: 

Ay— 0 u o6i.eue  aciiakocth  x;  (I) 

j 0 iia  cboAoahoA  iieBoaniy  meiuioA  (2) 

"x  dt1  IIOBepXHOCTH  XHAk'OCTH  2; 

— 0 ii a cMd'iiiuacMori  iiobcuxiioctii  S,  (3) 

On 

Key:  (1).  In  -the  volume  of  liquid  r.  (2).  cc  free  undisturbed  surface 
cf  liquid.  (3).  on  hydrcphilic  surface  of  £ . 

•here  .v - s,  -f- 5 + f- s _ (.v,  - hydrophilic  surface  cf  cavity  without 

partition/baffle,  and  •*_  - upper  and  lewer  surfaces  of  the 

daaping  baffle);  f <i>  (r,  r„  X)  <>•'  - velocity  potential  of  liquid 
|(a.  jc)  -cylindrical  coordinates];  n -ert  ncrnali  k S. 

Cage  119. 

let  the  cavity  represent  by  itself  direct/straight  circular 
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cylinder  with  flat/plane  bettem.  Boundary- value 

deteralnation  .j.<r,  * .*)  takes  the  fora  (see  fig. 


\<t>  r"1 


d**'  m>  , a*e  . r,  m 

dr*  ()r  0<t*  dx* 

0.x 

Or 

()>  !> 
Ox 

0* 

Ox 


Key:  II).  V.  (2).  with.  (3).  cn. 


0 II  t; 

h) 
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(6) 

1 

%! 

c 

ii 

(7) 

— 0 11,1  S 1 M 
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problea  for 


let  us  exaaiqe  the  plate,  passing  thrergh  the  damping  baffle.  It 
diwidds  voluae  * iato  two  vclune  n and  *_•  arianged/located  above 
and  below  partition/baffle.  Let  us  designate  velocity  potentials  in 
T+  t|rough  *+<*•,  ij,  *),  in  - through  <i>_  (r.  r„  X).  taking  into  account  the 
continuity  of  a change  in  the  velocity  potentials  and  the  vertical 
velocities  of  liquid  during  transition  frp  * in  T+ • for 
deteraining  the  potentials  <J>+  and  *_  it  ic  possible  to  Iforuulate 
following  boundary- value  prcbless; 


(•> 


0 

w 

dr 

II  (III 

r 

R, 

= 0 

lV 

dx 

If  pH  X : 

= 

~f>n. 

[R 

-'<»)  r<R : 

*+  - 

= '!>_ 

= 

~ *„ 

i). 

r < (/?  rf„); 

j i)'l> 

— 0 n 
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— o>*  <J» 
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<M>+ 

dx 


(*'l> 

— r_  = o 

dr 

II  p II 

= 0 

& 

11  pH  X — • 

— 

(W 

<3> 

— lip  11  A 

■ =~ 

**-  o Qt 

dx 


Kej:  II).  V.  (2) • with.  (2) . 
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for  the  solution  of  frcbleis  1 and  II,  let  us  use  the  aethod  of 
straight  lines  [3].  Selecting  the  naabet  of  straight  lines,  on  which 
is  sedrehed  for  the  soluticr,  it  is  sufficient  large,  the  general 

spluticn  for  potentials  ++  and  <t>_  can  be  presented  in  the  fora: 

*4  “ X J ' (E|  Wj  c*p  ~t c*p  (-  c,,s  T" 

00 

= 52  J\  (}i  -$■)  J e*P  C-I  ^ + I>-I  exp  j cos  r„ 

where  - Bessel  function  of  first  first~crder  order: 

.E<  - roets  of  tfce  eguation  o, 
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“•i  0 - unknown  constants. 


tet  us  introduce  tie  designations 


ci  “ lh  a i*  — i*i  *f  <l_ i\ 


free  conditions  (12)  and  (17)  it  fcllcts 


c'=c'“J/57;  *-■  “*iMP(-2Sl-7r)- 


General  solutions  for  the  potentials  i>+  and  4»_  taking  into 
account  (20)  take  the  fern 

'■'+  - £ J j («<  c/  |cli  j i-  u)- o«i)“'  *h  7^ jj  cos  % (21 ) 

‘I’-  =£-/i  (i.  /j)b<  ^ j + exp  | — 2 6;  -jr'j  exp  j co*  r,-  (22> 


Buring  this  selection  of  scluticne,  boundary  conditions  (8) , 

(9) , |12),  (13),  (14),  (17)  are  satisfied*  ihe  ucknown  values  c,  and 
b<  ass  deternined  frcn  beuedary  conditions  (10),  (11)  and  (15), 

(16)-  Subsequently  in  general  scluticns  (21)  and  (22)  is  considered  n 
cf  the  first  terns.  Boundary  conditicns  (1C),  (11),  (15),  (16)  are 
considered  in  the  discrete  roaber  cf  pcinia  (»>  — *,',)  - at  the  points 
cf  intersection  of  vertical  straight  lines  kith  the  plane  of  the 
partition/baffle  (see  Fig.  1). 


- :*  • Y*r+-ir-  . ■' 

• r* 


BOC  * 78103907 


E1GE 


|n  aatrix  recording  these  conditicns  take  the  fora 


A,X-  •*j-iAtx  = Atr,  (23> 

‘B.X^O,Y.  (24) 


where 


X «= 

' <3  ' 

; y = 

l>t  ■ 

ft, 

- f/l  - 

- 

(25) 


Matrix  elements  .4,  aqd  a,  take  the  fcri 


°J  ik 


".»  ik  “ 
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J'(li  -*-)  ch  (5,  *.)  * - 1.  2 #>;  7 - I.  2 n; 

;<**■«  7,  (l,  r*  jsh^i  A = UH-1) «;  <-'.2 «i 


1 7,  (e,  * ) Sh  (e,  J^Lj  ft  — I ■ 2 p;  i=  l.  2 /t; 

y,(s'  fi  )ch(€,ir):  *“('■>■ ‘) /^l<2 n; 


*=1,2 /<;  7—1,  2,  . . 

» a; 

0; 

* = 2=1,2,... 

. >*; 

* = 1. 

2 / 1,2 

. n; 

•J; 

* —(p  ! 1) n;  7=1,2,... 

, n; 

'IHS‘ * ) ‘ 

ft=  1 

2 p\  7=1.2.... 

. »; 

0; 

* = (P+  1) n;  7=  1.2,. 

. n\ 

*.  u,~-h»-- >7, 

(•■*) 

- e*p^—  2£j^-Je*p 

(s- » 

; 7,  ft  = 1,  2 *. 
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Components  ¥ are  deterained  free  the  vrifera  systea  of  the 
algebsaic  equations 

(A,-A,Rz'n,)  Y-<#j  '{A  I,  nf’fl..)  > 0.  (28) 

The  equation  of  frequencies  takes  the  t era 

| (/1|  — At  Rj  1 n,)  — vt-j  '(/I..  A i Bj' 1 /?.)  | n.  (21>) 

(he  giveq  above  foraulas  are  suitable  crly  when  *„>o.  When 
the  problem  is  solved  by  the  method,  presented  in  work  [3]. 
Thus,  deter aination  by  the  sethed  cf  the  direct/straight  velocity 
potentials  and  frequepcies  cf  liquid  in  cavity  with  circular 
partition/fcaffle  is  redoced  to  the  problem  agaicst  the  intrinsic 
numbers  and  the  vectors  of  scae  matrix/dies. 

Knowing  the  velocity  potentials  of  liguid,  it  is  possible  to 
deteraine  the  moving  aass  of  liquid  ■ ard  tie  ccordinate  of  the  point 
cf  application/appendix  /.  cf  the  resultant  of  flow  forces  [4]: 


§2*  Results  of  calculation* 


lor  the  evaluation  cf  accuracy/precisicR  acd  effectiveness  of 
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PAGI  3*  f/0 

V* 


the  method  of  straight  lines,  was  carried  cit  the  calculation  of 
cylindrical  cavity  with  the  partit ico/kaf f le  cf  width  rf„  = 0.3 r. 
establish/installed  at  a distance  1.H5P  frci  bottom.  Pig.  2,  gives 
the  results  cf  calculation  <r.=  20)  cf  the  frequencies  of  the  first  (•, 
curve  1),  second  (A,  curve  2)  tones  cf  the  fluctuations  of  liguid. 
There  are  given  the  results  cf  the  calculation  cf  moving  aasses  (x, 
curve  3)  and  the  coordinates  of  the  points  cf  tie 


application/appendix  of  hydrodynamic  pitchforks  (u.  curve  4)  the 
results  of  the  calculation  cf  values  — . ^ sod  ~ were  compared  with 

J K 

the  results  of  experiment  <o,  ■). 
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I 

| Eering  the  cceparison  of  theoretical  and  experisental  results,  is 

cbserved  a good  coincidence.  It  shculd  fce  qcted  that  during  the 

* approacb/approxiaation  cf  the  level  cf  titling  to  partition/baffle 

* 

frci  above  the  frequency  cf  liquid  it  decreases,  which  is  explained 
by  the  effect  of  the  flat/plane  bottci,  created  by  partition/baffle 
Earing  the  coincidence  cf  free  surface  cf  liquid  with  the  plane  of 


EOC  « 781C3907  PAGE  3^ 

i partition/baffle,  the  fieguency  cf  liquid  it  cavity  with 

partition/baffle  is  higher  than  the  frequency  ir  cavity  without 
partition/baffle  op  the  sane  level  cf  fillicg. 

Pig.  3 and  4,  give  <r)  and  5*  (r>  - ccaputed  values  of  the 
forns  of  free  surface  of  liquid,  which  coriespccd  to  the  first  and 
seaond  tones  of  fluctuations,  the  fields-u^it  vectors  of  rates  near 
partition/baffle,  that  corresponds  tc  the  first  tone  of  the 
fluctuations  of  liquid,  is  given  tc  Fig.  5. 

I 

The  satisfactory  ccitcidence  cf  theoretical  results  with 
experimental  data  shows  that  the  nethcd  of  straight  lines  with 
sufficient  for  technical  applicaticn/appendices  accuracy/precision 
cap  he  applied  for  the  calculation  cf  the  cavities  of  rotation  with 
circular  partition/baffles. 
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Page  123. 

IETERNINATICN  OF  THE  B ECU  IB  ID  ACCURACY  OF  lfcE  ICIONOHOUS  ANGULAR 
MEASUREMENTS  AND  ESTIHATI C N POHEF  CCNSUNPTICN  fCB  THE  TRAJECTORY 
CORRECTION  OE  SPAQE  VEHICLE  DURING  APPIOACG  TO  ILANET. 

S.  V.  Petukhov. 

Is  exaniqed  the  task  of  the  deterniqat icn  cf  the  required 
accuracy  of  angular  neasuraaents  fcr  puippse  of  obtaining  of 
estinating  the  paraaetecs  of  the  actioq  of  space  vehicle  relative  to 
destination  planet.  It  is  assuaed  that  the  infccaation  about  the 
action  cf  space  vehicle  enters  froa  its  edge  discretely  in  the  fora 
of  some  angular  values,  aeasured  at  the  assigns d/ prescribed  aoaent  of 
tine.  Is  investigated  tie  dependence  of  the  required  accuracy  of 
aeasuceaents  froa  the  progran  cf  conducting  aeasureaents  and  froa  the 
paran*ters,  which  deteraine  the  action  cf  tie  center  of  aass  of  space 
vehicle,  taking  into  account  the  restrictions  placed  on  the  width  of 
the  corridor  of  entry  in  the  ataosphere  of  planet.  Is  given  the 
estiaation  of  the  expenditures  of  characteristic  velocity  on  one  and 
tse-palse  correction. 
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1.  Let  us  exaaine  loticn  of  space  vehicle  cn  section  of  approach 
to  plinet  when  is  correct  assuaptic*  abcut  the  fact  that  on  vehicle 
acts  qnly  attsaction  of  destination  planet,  and 

disturtance/perturbatic fs,  caused  ly  solar  gravity  and  other  planets, 
can  be  considered  negligible.  Ic  this  case  the  trajectory  of  approach 
represents  by  itself  hypethcia  with  focus  ic  tie  gravitational  center 
cf  planet,  xyz  - planet-centered  right-handed  coordinate  systea  (Pig. 

Z axis  is  directed  in  parallel  to  the  asyaptete  of  the  hyperbola 
cf  approach  (towards  the  velocity  vector  of  space  vehicle  at  infinite 
reacval/distance  froa  placet).  Plane  1Y  represents  plane  of  figure  in 
which  is  arrange/located  the  vector  of  sighting  range  (T - 
perpendicular^  oaitted  frea  the  origin  of  coordinates  to  the 
asyaptote  of  the  hyperbola  cf  apptcach.  Sighting  range  k*  / W / 
deteraines  the  saall  distance  of  the  flight/spac  of  space  vehicle 
fraa  planet  without  the  acccunt  of  its  attrccticn  [ 1,  2].  Value  w at 
given  speed  is  aaaal iguously  connected  »ith  pericentric  distance 
r>  (by  conditional  periccqter).  Between  hie  standard  deviation  of 
peticdntric  distance  and  the  width  of  the  corridor  of  entry  in 

the  ataosphere  there  is  coaaup icatioe/ccpcection,  which  is 

deterained  by  many  values  (change  ig  tie  hticspheric  density  in 
beight/altitude,  the  lift-drag  ratio  of  spece  vehicle,  the 
height/altitude  of  conditiopal  pericenter*  etc.).  Subsequently  for 
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simplicity,  let  us  set/essaae  iMn.t.  = Ww'r<,cr"'’(r„’  - * radios  of 

planet) . 

<*> 

Eage  124. 

the  deviation  of  conditional  per  icenftet  is  recounted  to 
deviation  in  plane  of  figure  6h  with  respect  tc  the  foraula 

I 

‘here  = {dw)  = (‘  + wv^)  ~ Eacticolar  derivative  of  rp  according 
tp  m,  calculated  frca  nominal  trajectory  vfccn  Vx  — cons)  [ 3 ],  p - the 
gravitational  constant  cf  planet  (for  Hare  p=42i88«103  ka3/s*) . In 
series  cf  problems,  connected  vith  navigation  and  trajectory 
correction  of  space  vehicle  during  approach  to  planet,  it  is  nore 
preferable  tc  utilize  as  the  corrected  paraaeter  sighting  range  w 
instead  of  />  at  sufficiently  large  distance  frca  planet  flight 
spaed  V constant  (Fig.  a),  aoraovar  vx=  *V«o;  v,  ~ v'a0.  tharafore 

iw  ..  (i  v;  i r,  v^are  f - flight  tiae  to  plane  of  figure.  This  nates 

it  possible  to  simplify  the  algorithm  >cf  processing  the  results  of 
trajectory  neasureaents  [4]  and  al lon/assaics  comparatively  idle 
tiae,  also,  at  the  saae  tine  sufficiently  precise  calculation  the 
ssbliaity  cf  corrective  aonentui/iipulse/palses  [5]. 


fyfc' 
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Kfey:  / 1)  . days.  (2).  ka/s. 
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let  us  deteraine  pcsiticn  and  the  veiccity  cf  space  vehicle  in 
tlie  selected  system  o t coordinates  xyz  by  state  vector 
a? -(r.  v.  *.  vt.  vf,  v'z)m.t-  - indicates  transposition)  . At  zero  tiae 
B(0)*Io*6Ho#  where  B«-(x0,  y0,  z0,  0 , 0,  -Kb)1.  a*d  AB0  - vector  of  the 
raqdoa  initial  deviations#  distributed  according  to  noraal  lav  with 
fcf  teso  natheaatioal  expectation  and  known  correlation  aateix/die 


2.  For  examination  of  disturbed  action,  let  us  pass  to 
csculAting  cell/eleaente,  i.e.,  tc  parameter*  qt,  q2,  ...,  q*,  which 
uniquely  deteraine  trajectory  and  are  constant  values,  with 
except ion/eliainat ion  of  terque/ac rente  of  tiic,  when  is  conducted 
trajectory  correction,  lhe  paraaeters  of  trajectory  let  us  select  in 
such  a way  that  the  first  two  paraseters  would  be  corrected.  As  such 
paraaeters  let  us  exaaire  tie  ccapcgente  of  vector  IT  of  sighting 
range  in  plane  of  figure  «» *=  (m«  Vic.  1).  Those  linearized 

relative  to  the  supporting  trajectory  of  tfce  egwation  of  the 
disturbed  motion  of  space  vehicle  take  the  fera 
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Gere 

' 7 5<?, is?,)'  - the  random  vectoc  ef  th«  deviations  of  the 

parameters  of  trajectory. 

« - vector  of  the  ccoticl  pressures,  u = tTt  |t-r) , where  hT  - 
vector  of  the  corrective  acientua/iapulse/p ulse  of  velocity,  6 (t-r)  - 
d-f unction. 


1 - aatrix/die  6xa  of  partial  derivatives  (a  - dimensionality  of 
the  vector  of  the  ccntrcl  pressures). 

At  zero  time  M(d«fo)  = 0,  and  correlation  aatrix/die  is  deterained 
froa  Abe  fcraala 

K»  - M (*?„.  5)  - <?..  Kr„  Q'„.  (3' 

where  Q0  - aatrix/die  6x6  ef  partial  derivatives  (i,  )=1,  ...»  6) 

cf  parameters  ‘U  according  to  the  ccapcqests  ci  state  veotor, 
calculated  at  the  initial  acaent  t*0;  /V,  - correlation  aatrix/die  of 
the  probable  deviations  of  state  vector  with  t*C.  Two  Upper  diagonal 
cf  aatrix  eleaent  K 0 represent  the  initial  (a  priori)  dispersions  of 
the  cfsponents  of  the  vector  of  sighting  serge  «*  end  la  the 
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case  <ff  statistical  independence  ?>W  x •ad  hwy  tie  a priori  dispersion 
cf  deviation  in  plane  of  figure  is  calculated  flea  the  fcraula 

a*  --  r,  *=-  9*  i 9* 

let  at  the  previously  knoen  acaent  of  tiaa  > tN  eith  the  aid 

cf  cn-fcoard  aeans  he  aeasured  the  angles  betsccc  directions  in  two 
stars  and  in  the  center  of  planet  6,  ar>d  §a  tie  angular  diaaeter  of 
planet  fi3  (see  Pig.  1).  In  linear  appreacb/appxcxiaation  for  any 
■caent  of  tiae  t,  it  is  possible  tc  trite: 

(/“=!.  2 N),  (1) 

libera  - a vector  of  the  aeasured  valnes;  C «Ku.  V >/)T 

vector  of  Measuring  errors;  +1  - aatrix/die  3x6  of  particular 
derivatives  of  the  aeasured  values  frea  the  paraaeters  of  the 
trajectory  g1#  gz,  ....  q«#  ccaputed  at  totgue/acaent  t. 

let  us  assuae  that  the  aeasureaents  ccctaic  the  randoa  errors 
£a*C2;  (j,  each  of  vhicb  has  ncraal  distr  ptutic  r.#  aoreover  at  the  any 
apaent  of  tiau  /, (0 <i<ao  value  M<n>=*0,  aid  correlation  aatrix/die 
is  diigonal: 

A, -M(T,.  (8) 

Here  *«  * tl(e  dispersion  of  single  aeesurcaent;  P,  - 

aatrif/die  of  the  aeights  cf  acasuring  errers: 


known 


i 
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According  to  the  results  of  the  aeasucesents  of  values  t>,  (i«1, 

I)  it  is  possible  tc  obtain  the  estisation  of  the  deviations  of 
the  parameters  of  trajectory  with  the  use  cf  methods  of  statistical 
linear  analysis  [6]  or  with  the  aid  of  the  optimum  theory  of 
filtration  [7].  As  a result  of  the  adopted  assumptions 

= 0,  M(;()  = o the  probable  devietic^s  are  determined  with 

the  aid  of  the  dispersion  cf  estimation.  la  particular,  maximum 
deviation  in  plane  of  figure  with  probability  <3.9973  can  be 
determined  by  rule  where  =' 5«,.v  + * :i1N  ~ dispersion  of 

deviation  in  plane  of  figure,  calculated  after  conducting  all  N of 
measureaeqts. 

let  us  form'll  a to  the  following  task:  to  determine  the  greatest 
permissible  errors  for  angular  measurements  (M... - k*).  conducted  at 

the  assigned  moment  of  time  h <v  no  that  the  dispersion  of 

deviation  in  plane  of  figure,  cttaiqed  on  tte  basis  of  all 
measurements,  would  satisfy  the  cotditicet 


where  *-rlinuiy  - the  aaximus  standard  deviation  cf  pericentric 
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dista ace;  - particalar  derivative  p £ rp  with  respect  to 

deviaticn  in  [lane  cf  figure. 


J.  with  aade  above  assumptions  about  error  distribution  for 
trajectory  aeasure nents  s-nd  of  initial  deviations  from  nominal 
trajectory  6f„.  formulated  problem  is  solvec  by  using  recurrence 
formulae,  obtained  in  wcrks  (4]  and  [0].  Correlation  matrix/die 
Ki<  > of  the  errors  for  the  estimation  of  the  deviations  of  the 
parameters  of  trajectories  cl#  q2,  q*  tc  tcrque/momen  t , i is 

calculated  taking  into  account  equations  (2),  ,(4)  and  (5)  for  the 
formula 

"here  a,  - correlation  matrix/die,  calculated  for  the  torque/moment 
cf  tiaa  /<; 

+<  n - the  matrix/die  3x6  of  the  particular  derived  measured 
values  e1#.  02,  e3  according  tc  the  parameters  cf  trajectory  qt,  q2, 

•A  • • calculated  for  the  tor que/mcaant  cf  tiae 

p,  ~ the  correlation  matris/die  cf  the  dimensionality  3x3 
cf  ths  aeasurlng  errors  of  values  fl|r  §2,  £3. 

It  the  first  space  is  utilized  the  a priori  matrix/die  K0, 
determined  on  forsula  (3).  Then  for  arbitrary  value  «„  is  conducted 


4— 


. -y 

' - 
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N cf  calculations  with  the  aid  of  recursion  fcriula  (8),  as  a result 
cf  which  is  obtained  matrix/die  A\  Two  First  upper  of  the 
cell/element  of  diagonal  matrix/die  Av  give  tie  representation  of 
the  rcot-mean-square  deviation  of  the  caspcnente  of  the  corrected 
parameter  - vector  of  sighting  range.  Condi  tier  (7)  is  checked  with 
the  help  of  these  natrix  elements  KV  If 

I ■'  a,;  r<;  / , 

1 (i  V '-'.V  .1;,, 

then  process  is  repeated  with  new  value  ^ and  so  forth,  until  with 
the  assigned/prescribed  acciracy/p tec ir ion  is  fulfilled  the  condition 


lr„ 


3;, 


Obtained  In  this  case  value  a ^ determines  the  maximum  root- 

mean-square  error  for  angular  measurements  60  = 3 o„.  at  which 

max  0 ’ 

with  a probability  of  0.9973  the  condition  |lu)|  S.n*>  Is  satisfied. 

On  remaining  four  diagonal  matrix  elements  it  possible  to 
determine  the  root-mean-square  deviations  of  the  uncorrected 
parameters  q3,  q^,  q^,  qg. 


let  us  note  that  tie  use  of  recurrence  fcrvula  (0)  unlike  the 
xetfacd  of  least  squares  aakes  it  posslkle  tc  solve  task  with  the 
arbitrary  intervals  of  measurement*  iHi  — h (i«H,  1,  ...»  N ) and  with 

the  variable  composition  of  measurements  (#,.  «i, «„>  it  is  isportant 

only  So  that  at  each  moaent  of  time  would  ic  previously  known  the 
correlation  matrix/die  cf  aeasuring  errors  a/., 
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Ibe  obtained  as  a result  of  the  solution  of  the  formulated  problem 

aatrif  elements  i Kt  (1*1,  2,  ...(  S)  at  the  mcient  of  tise  t„  h tN 

are  memorized  for  the  calculation  of  the  value  of  the  corrective 
mp ientui/i a pulse/p ulses  and  determinaticq  of  their  optimum  position 
in  trajectory. 


4.  Iq  simpler  setting  task  in  gueatipr  adaits  analytical 
solution.  Let  be  measured  crly  two  angles  - e,  and  e2  - (see  Fig.  1} 

at  the  moment  of  tise  t„  *n  are  determined  ccly  corrected  parameters 

vi  = “v  and  qt-=wr  It  is  possible  tc  she*  that  it  this  case  matrix/die 
+»  T1  will  be  determined  as  fcllofcs: 

dq, 

+*  = --  F.  (9> 

where  E - unit  matrix  (2x2},  f*  - a distance  ftom  space  vehicle  to 
planet  at  the  moment  of  coqducting  the  measurements. 


The  matrix/die  of  partial  derivatives  Q*  is  simplified: 

ft-.  *(e,  f»)  - 1 1 0 0 Wm  « 

dr,  dV  ! 0 1 0 0 rklVm  0 | 

If  the  correlation  matrix/die  of  .initial  deviations  takes 
the  diagonal  form,  socecver  4.  = •£. - * 'J. "=  *1.  “ 4.-  thea  we  will 

obtain: 

<r~|  *5*  ® I.  (io> 
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“*«•  ^-•^-•1+  v/2  4.;  *>•  " initial  distance  c£  planet. 


lith  previous  assuipticns  about  aeasaring  errors,  let  us  assuie 
that  the  correlation  aatrix/die  of  aeasuring  errors  takes  the  fora 


A - | °,  I •-  F.  - const. 


where  E - unit  aatrix  (2x2) . 


Becursicq  foraula  (8)  is  reduced  <to  tic  feta 

*.♦.-*»[*+  -5,4  «"> 

1 ri  ♦ i ' ri  + 1 / J 

where  - diagonal  aatrix  elcaeate  k,  at  the  i space.  After  using 
fcraula  (11)  consecutively  H once,  under  initial  condition  (10)  after 
simplifications  we  will  obtain 

\v 7~V  , • <l2> 

i + _fj-  V ~ 
o !~i  < 

•here  '/  - ^ - Jr.  r,  = r„  - 2Jr rN  *,  rt~  NLr\  a,,  - a space  Of 

* /V 

aeasuceaents,  = /(-/*. 


This  saae  result  it  is  possible  te  obtain  with  the  use  of 
foraulas  of  linear  statistical  analysis  [9]  or  with  the  aid  of 
Kalaaa*s  filter  by  transition  frea  the  coatinucis  to  discrete 
aeasuseaeqts  [10]. 


Cage  128 
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<l1 


■ ith  Ar/r0^1  «e  will  attain  Xnr 


N - I 


I i ' ( 


than  fron  eguation  (12) 


•a  deteraine  the  pyraisnifcle  erxor  for  the  angular  aeasureaents: 


= ...  >» l/y^ r 

1/  a*  — n-  ^ ru  rv 


“ 'V 


(13) 


while 


»/v 


it  in  determined  fxca  condition  (7).  If  we 


where  v 

asEQM  s»,v«»A,.  then  taking  into  account  <7)  wc  will  obtain 
convenient  fornula  for  calculating  tie  permissible  root-nean-sguare 


erxcr  for  angular  neasuxeaents  (in  radians) 


irp  ....  |/~  N — I 
r fa  — rN 


(14) 


where  ra. 


- the  distances,  which  correspond  to  beginning  toward 


the  end  of  the  neasureacnts. 


I - nunber  of  aeascreaente. 


irP nui  - the  aaxiaua  standard  deviabicx  of  pericentric  distance, 

: 0r/‘ 
l)w 

lith  the  aid  of  fcxaula  (14)  it  it  possible  to  rate/estinate 
xeguiceaents  for  aeasuring  systeas  depending  cc  the  paraaeters  of  the 
trajectory  of  approach  to  planet  (#>  V',.  v,)  and  the  standard 
deviation  of  pericentric  distance  »r#„, 
trajeotcry  aeasureaents  (v  »■».  k) 


St  pcedeterained  program  of 
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S.  Let  us  determine  permissible  aeasarmc  errors  and  necessary 
expenditures  of  characteristic  velocity  on  trajectory  correction  of 
space  vehicle  during  approach  tc  Mars  under  condition 

(2«*)u (15) 

Karaaeters  of  the  trajectory:  the  velccity  of  approach  K*  = 6 
ka/s;  pericentric  distarce  /* p — r ii  i - 3JJ2,  i kar  it  this  case  5,-0,0935.  Let 
be  aeasured  the  angles  6t,  e2  and  the  aagultr  diaaeter  of  planet  03 
(see  tig.  1).  Height  coefficients  in  the  correlation  aatrix/die  of 
■easuring  errors  (5)  let  us  accept  equal  with  respect  to  the 
following  values:  Pt=p2-1«  p3-0.  1.  Measurements  begin  at  a distance 
to*  equal  to  a radius  pi  the  sphere  of  effect  (for  Mars  - i.« 
«illi«n  ka) , they  are  carried  cut  through  equal  tiae  intervals  and 
they  conclude  after  \v  *=  i.  2 and  3 days  tc  apprcach  by  planet.  The 
neater  of  perforaances  cf  aeasureaents  let  is  take  as  equal  to  25. 
Iaitihl  errors  are  characterized  by  values 

0,  --  J — lOOUkJI,  3y  — 1 l/a. 

the  necessary  expenditures  of  characteristic  velocity  on 
correctioq  let  us  calculate  for  one-  and  tec-pulse  correction  under 
the  condition 

P ^1  HO  I «•>  U)  sa  a,  (lb) 

/«• 

where  \w,\  - a aodule/acdulus  cf  the  acaeatuB/iapulse/pulse  of 
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t velocity,  0 - the  necessary  supply  of  characteristic  Telocity  for 

correction  (power  consuapticn) ; a - nuwter,  which  characterizes  the 
level  of  the  probability  of  event  (•)  (let  is  accept  at=0.9973).  For 
the  calculation  of  the  expenditures  of  characteristic  velocity  on 
correction*  we  will  use  the  fcraulas,  cktaiced  in  work  [11]  on  the 
assumptioq  that  each  aoaentua/iapulse/pulse  last  coapletel y reaove 
acre  precisely  foraulatcd  deviaticr  in  place  of  figure.  During  the 
aealysis  of  the  effect  cf  performing  errors  6V,  let  us  consider  that 
they  are  distributed  according  tc  rcraal  la  i and  do  not  de>pend  on  the 
value  cf  the  aoaentua/iapulse/pulse  of  correction,  aoreover 

the  results  of  the  calculations  of  the  penissible  error  for 
aaguldr  aeasureaeats  «,  without  the  account  of  performing  errors  are 
given  in  table  1 and  2. 

'I 

Page  129. 

the  permissible  error  fer  angular  ■easexeaerts,  as  in  the  simplified 
setting  [see  formula  (14)  ],  it  is  propertigral  to  standard  deviation 
i<a  plane  of  figure  If  we  cowpare  obtained  values  ’*  with 

those  calculated  according  to  fcraula  (14],  then  it  is  possible  it 
will  dscertaiq  that  the  expansion  cf  the  ccapcsition  of  the 
weasuceaents  by  adding  the  angle  0a  sakes  it  possible  to  Lower 


\ 
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reguireaents  Cor  the  accuracy/precisico  oC  angle  aeasureaent  6t  and 
6*  even  despite  the  fact  that  in  otc  exaaple  tic  angle  03  is  aeasured 


rougher  <«,, 


Ills.  - 10 


)■  Wot  exaaple,  for  **2S# 


*»>■„  = 25  rs  - bum00  km  (tv  i days)  on  fcraula  (14)  we  will  obtain 

n.fioj.  and  froa  table  2 *,-jj».si5 


The  peraissible  error  for  angular  aehsureaents  is  inversely 
pccpcitioeal  i tv.=  y/-T*L.  this  fact  is  explained  by  the  fact  that  for 
scattering  in  plane  of  figure  is  supetiaposed  ccndition  (?)  ; 
therefore  the  further  frea  the  planet  cgacludc  the  aeasureaents,  that 
note  precise  nust  be  deterained  the  paraaeters  cf  trajectory.  The 
effect  of  the  nunber  of  aeasureaentg  ce  aitb  r0=const*  rv  const 
cat)  be  establish/installed  cn  fcraula  (13)  : tie  peraissible  neasuring 
error  increases  proportionally  I n t. 
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fable  1*  knocks; 


71 

N 2'»:  t4y  — I UULbH;  1}  o 


1rp  max 
l"*l 

1 

i •* 

| 

! * 

l’» 

<’  1 II 

0) 

1 -i  ii  |fyiK»l 

N,  II 

n 

II*. SIS 

51.265 

1 

23.1111 

in. 06i 

2.681 

8 

20 

95.506 

51.965 

72.387 

10,081 

2.681 

8 

15 

71,675 

51,265 

21.671 

1 

IH,  101 

2.770 

7 

Key:  yi).  days. 

lable  2. 


N~  2S:  hrp  max  25  *«:  »4),  = o 


I^v^Cm  | 

! *» 

V, 

i'ii 

i’\  ii 

i — -?r 

t|  ||  |cy»KH| 

V|  II 

1 

1 19,515 

•1.2*5 

23.118 

10.061 

2,681 

* 

1 

17.273 

25.632 

i*.»i 

IS.  723 

3.050 

! 7 

3 

7,9*5 

17,088 

16,02*  | 

1 

15,517 

3,302  1 

<1 

Key:  i 1)  . days. 


Table  3. 


Key:  (1) . a/e. 


V " 2S:  SrPm,n  ' 25  XN  = ' 


6Vw 

iMicen] 

»* 

®i 

"ll 

"i  ii 

Tl  II 

| *1  n 

0 

119,515 

SI,  nr, 

23,11* 

19.051 

2.881 

8 

0,05 

11.711 

51. MR 

23,397 

19.(07 

2,582 

n 

0.10 

7.900 

51,2** 

21,010 

18.102 

2.770 

7 

Icte.  la  the  tables  ace  accepted  t|e  tcllpuing  designations: 

T/,  - poser  coasnaptioa  dating  the  single- ispulce  correction*  in 


A 
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reference  to  <v„; 


0„  - the  energy  expenditures  ducirg  tie  two-pulse  correction, 

in  refereqce  to  »vj 

<7in  - power  consumption  to  the  first  acaeatua/iapulse/pulse 
during  the  two-pulse  correction,  related  tc  v„: 

Tv  - the  reaaininc  flight  tiae  to  planet  after  the  n 
aeaEuzeaent. 

- the  renaining  flight  tiae  after  ccnducting  of  the  first 
correction  (during  two-pulse  correction). 

vIH  - the  nueber  of  perforaances  of  meas urcaents  to  conducting 
cf  the  first  correction  (during  tvc-pulse  correction). 

Page  130. 


Value  poyer  consuaption  in  the  case  of  single- in pulse  correction 
ha  effect  depends  only  ca  icitial  spread  in  plane  of  figare  + 

+ and  iica  flight  tiae  >tp  planet  *v.  which  reaained 

after  ccnducting  of  the  correction  (ccqduating  correction  in  tiae 
coincides  with  the  teraination  of  last/letter  acasureaent) . It  is 


i 


i 
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real/actual,  power  consuapticn  in  the  case  cf  s ingle-iapulse 
correction  are  determined  froa  the  fcraula  (sec  [11])  £/,■=  3 KET^T:*. 


faking  into  account  fcraula  (12)  (during  ucasureuent  only  9t  and 
we  will  obtain 

(%-)• 


But  since  iiV (*«/-*  * *°9.  approximately  it  is  possible  to  count 
u\  - • '-«•  therefore  effect  V and  ir/tmux  ev  power  consunption  is  »ery 

iraigaif icant  (see  Table  1 and  2). 


fn  the  case  of  two-pulse  correction,,  tte  tiae  of  the 
applicatioo/appendix  of  the  first  aoaeotun/iapulse/pulse  was  located 
via  sorting  points  on  places  (Wi  = --).  in  which  can  be  carried  out 
correction  [11].  These  poiqts  correspond  tc  the  torgue/aonents  of 
conducting  the  aea sureaenta.  The  seccnd  aoaent uw/iapulse/»ulse  was 
afplidd  at  torgue/acaeat  '*■  iaaediately  after  the  teraination  of  all 
■easuicnents  when  is  satisfied  condition  (7).  lie  criterion  of  the 
selection  cf  the  tiae  of  conducting  the  first  ccrrection  is  the 
aiuiaoa  of  total  the  peter  ccnsuspticn: 

I/,,  - m 117,  „<<*>  1-  «/JU«i)|-3  \f  ~ (M(|  iP,  |)  +■  M (|  AVf|). 

0 <'1<N  f • 

this  expression  is  correct,  when  cne  cf  the 
aoaen tua/iapulse/pulses  is  that  prcdcainatc . The  results  of 
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calculations  show  that  the  first  mcaentum/impulse/pulse  is  that 
predominate  (see  Table  1 and  2);  therefore  the  dependence  cf  total 
paver  consumption  on  time  '-v  is  exhibited  in  siallcr  measure  thaq  in 
the  case  of  single- impu Jse  correction,  and  limitation  on  *rpma,  nets 
acre  ncticeably,  since  this  limitation  affects  the  character  of 
dependence*^  1 ) and,  therefore,  for  the  redistribution  of 
mcmentua/impulse/pnlses.  ict  as  a abole  dazing  change  the 

total  expenditures  are  little  affected.  The  total  expenditures  during 
tac-palse  correction  half  than  in  the  ca^e  cl  single-impulse. 

In  such  a manner,  as  during  single-impulse  correction  total 
paver  consumption  in  essence  are  determined  by  initial  correlation 
aetrif/die  *•• '- V Bet  this  limitation  tp  a high  degree  affects  the 
pezmismible  errors  for  angular  measurements.  1c  decrease  this  effect 
is  possible  by  the  appropriate  selccticn  of  parameters  N,  r„, rH 
[see  formula  (14)  J. 

The  effect  of  the  perferming  errors  in  essence  affects  the 
permissible  accuracy  of  the  trajectory  measireaents:  the  variance  of 
crxor  for  the  determination  cf  scattering  ir  plane  of  figure  at  the 
mcsent  of  conducting  the  last/latter  correction  nust  satisfy  the 
condition 
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Eage  131. 

After  substituting  this  expression  into  equation  (14) , we  will 
obtain 


Therefore,  when  >v  . ^ m"  . aeasureeente  »uet  be  ideal  °). 
otkeruise  will  not  be  fulfilled  cctditicq  (7).  In  this  cam,  the 
consumption  by  correction  decrease  due  to  decrease  a»-  aoreover 
during  single- iapu lse  correction  it  is  insigeif icant  (as  a result  of 
predcainaat  effect  t.).  while  with  tyc-pulsc  - in  larger  neasure  (as  a 
result  of  a change  in  the  pcsiticn  of  the  first 

aoientua/iapulse/pulse)  . Ihc  results  of  calculation  ®i r aqd  total 
peuer  consuaption  taking  into  account  perfcrainc  errors  are  given  in 
table  3. 
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7 AT ION 

MICROFICHE 

ORGAN 

IZATION  ! 

MICROFICHE 

"205 

DVATC 

1 

I-  05  3 

AF/INAKA 

1 

A2  1 0 

DMA  AC 

2 

E0 17 

AF/RDXTR-W 

1 

r v 4 

DIA/P.DS-3C 

9 

E403 

AFSC/TNA 

i 

CO-’,  3 

CSA.YIIA 

1 

F 4 0 4 

AFDC 

1 

C'  5 0 0 

BALLISTIC  RES  LABS 

I 

F408 

AFWL 

1 

C510 

AIK  MOBILITY  R&D 

1 

E410 

ADTC 

1 

I.AB/FI  0 

F413 

ESD 

2 

C51  3 

PICATINNY  ARSENAL 

1 

LTD 

C 5 35 

AVIATION  SYS  COMD 

1 

1 

CCN 

1 

X 

C59 1 

FSTC 

5 

ASD/FTD/NICP 

3 

cr  ] o 

MIA  PEDSTOME 

1 

NIA./PHS 

J 

DO  OP 

NISC 

1 

NICD 

I* 

!!  30  0 

I'SAICr.  ( USA PEL P) 

1 

I 005 

frda 

1 

P005 

CIA/CPS/ADD/SD 

1 

NAVOPDSTA  (501.) 

1 

n as;  /y 

r r 

4. 

1 

A FTT/I 

,D 

1 

